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Abstract 
 
 Axon guidance is a critical part of neural development, the process that 
generates and shapes the nervous system, from the earliest stages of 
embryogenesis to the last years of life. Axons navigate to reach their correct 
targets via different axon guidance cues, such as Netrins and Slits. The axonal 
growth cone contains receptors that distinguish these guidance molecules and 
translates them into attractive or repulsive responses. Slit repels axons from the 
CNS midline by binding to the Robo (Roundabout) receptor. Netrin acts as an 
attractant through fra/DCC/Unc-40 and Dscam (Down syndrome cell adhesion 
molecule) receptors. However, genetic evidence shows that Dscam also 
responds to other ligand(s).  
 We have identified Slit as an additional ligand for Dscam using both cell 
overlay and immunoprecipitation assays. Our results show that the Dscam only 
binds to the Slit N-terminal fragment (Slit-N), in a domain distinct from the Robo 
binding site. I have demonstrated that Robo preferentially binds full length Slit 
(Slit-FL), but in the presence of Dscam binds Slit-N. We believe that this Slit-N 
dependent Dscam-Robo complex modifies Robo signaling. 
 In vivo, slit-FL and slit-N transgenes have differential effects on motor 
neuron innervation of muslces that are mediated by Dscam. Overexpression of 
slit-FL and slit-N at the CNS midline in a robo mutant background leads to an 
increase in axon attraction to the midline. We interpret this result as evidence 
that Slit has an attractive as well as a repulsive function. To test the hypothesis 
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that Dscam can act as an attractive receptor for Slit, we employed a range of slit 
transgenes to analyze attractive functions of slit in axon guidance. Our data 
argues that Slit needs to be processed to act as an axonal attractant in vivo. We 
examined the consequence of removing the Robo binding domain (LRR2) from 
Slit in vivo, hoping to observe the attractive function masked by Slit’s repulsive 
activity. Instead, the transgene appears only to inhibit Dscam activity, supporting 
a model that Dscam requires Robo as a co-receptor.  
 Our data suggests that Dscam binds to proteolytically processed Slit and 
converts repulsion to mild attraction in the presence of Robo receptors. Our work 
also suggests that, as seen for other ligands, Slit can act as both an attractant 
and repellent via distinct receptors, and indicates how the complexity of the 
nervous system can arise through a relatively small number of ligands.  
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1.1  A brief introduction to Axon guidance 
 
The first step during neural development is the choice for epidermal cells to 
remain a skin cell or to become a neuron. In flies, a large group of cells in the 
neuroectoderm chose to become neurons, delaminate from the ectoderm, and 
start the development of the nervous system. The analogous process in 
vertebrates is neural tube formation. The cells typically undergo many cell 
divisions before entering a post-mitotic phase in which their fate is fixed to a 
specific cell type, such as commissural neuron, motor neuron, sensory neuron 
or other types such as glia. A second equally critical phase in neural 
development is the formation of connectivity. A specialized outgrowth from 
each neuron, the growth cone, has to navigate to its specific target 
Communication with the environment, selecting the right pathways, and 
recognizing the correct target are important steps in this process, which 
collectively known as axon guidance (Developmental Biology by Scott F. 
Gilbert).  
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 During nervous system development, each neuron is able to project its 
axon over a short or a long distance to reach the appropriate targets. Along this 
specific pathway, axons are guided by the attractive and repulsive cues in the 
extracellular environment (reviewed in Dickson, 2002). Addressing the 
essential question of how axons communicate with the environment to reach 
their exact targets is a critical part of nervous system development, the 
process, which starts from the first step of embryogenesis, until the last day of 
life.  
 To answer this question, we need to concentrate on the molecular and 
cellular mechanisms during the development of the nervous system. Almost 
two centuries ago, a Spanish neurobiologist, Dr. Santiago Ramon y Cajal, 
recognized the existence of growth cone at the leading edge of axons, which 
mediates axon navigation (Ramon y Cajal, 1892). After that, the 
chemoattractant activity for the first time was observed via employing collagen 
gel coculture technique (Lumsden and Davies, 1983). Furthermore the 
repulsive effects of chemotropic factors in the developing mammalian central 
nervous system were discovered via the collagen gel coculture method (Adrian 
Pini, 1993). This evidence proposed that growth cone navigation is directed by 
long range guidance molecules, attractants or repellents, as well as “local 
contact influences” (Tessier-Lavigne and Goodman, 1996; Sotelo, 1999).  
 A key development was the study of individual neurons and their axons 
in invertebrates, especially the grasshopper, which was pioneered by Corey 
Goodman. The single cell resolution is one of the reasons the fly continues to 
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be a popular axon guidance model. Antibody labeling, in particular of 
Immunoglobulin family cell adhesion molecules (IgCAMs) further increased the 
resolution of invertebrate wiring diagrams and I used some of these antibodies 
in my thesis. Cloning of axon guidance molecules in the 1990s changed the 
field dramatically, and attention switched to genetic analysis of these genes. In 
addition to the in vivo studies, cell culture techniques were employed to study 
axon growth as well as guidance, primarily due to the development of collagen 
gels that allowed axons to grow in culture. In this dissertation we used 
“Drosophila” or fruit flies, as a powerful genetic model to characterize a new 
non-repellent function for Slit, a well-known repulsive cue in the nervous 
system.  
 Growth cones contain a variety of receptors at their surface, which allow 
them to recognize the corresponding guidance cues (ligands). These ligands 
spatially allocate in the environment and can instruct/permit axons to grow in a 
certain direction by interacting with receptors and allowing the ligands to be 
interpreted as attractive or repulsive. 
 After a growth cone interacts with the appropriate guidance cue, either 
diffusible or attached to a surface (contact-mediated), several intracellular 
signaling pathways will be activated in the growth cone that effects the 
remodeling of the cytoskeleton. As a result, the growth cone turns towards or 
away from the source of ligands, depending on its repulsive or attractive nature; 
this is how axons navigate to reach their correct targets (Tessier-Lavigne and 
Goodman, 1996). Therefore, a combination of receptors/ligands, followed by 
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the activation of specific receptors, is the initial step in the signaling cascade 
series that changes the growth cone cytoskeleton, initially the highly dynamic 
actin structures in the growth cone, and ultimately the microtubules that form 
the actin shaft (Lowery and Van Vactor, 2009). Integration of positive and 
negative cues by the growth cone leads to movement in specific directions and 
away from others.  
 
1.2 Axon guidance molecules  
 
The Drosophila Central Nervous System (CNS), as a bilaterally symmetric 
animal, contains three basic types of neuron, which shape the CNS scaffold 
pattern. Commissural neurons project axons toward positively acting guidance 
molecules, causing these axons to enter and cross the midline. After crossing, 
commissural axons turn to join a longitudinal pathway and never re-cross the 
midline (Figure 1, a, green arrow). Longitudinal neurons project axons 
ipsilaterally, with the axons remaining on their own side of the CNS without 
crossing the midline (Figure 1, b, red arrow). Motor neurons project out of the 
CNS and can also be commissural axons (Figure 1, c, black arrow) (review, 
Kaprielian et al., 2000). 
 From the first observation of growth cones until the present day, various 
types of research has been done to discover axon guidance molecules in both 
vertebrates and invertebrates. The most significant conserved families to date 
of axon guidance molecules that were discovered are the Netrins, Slits, 
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Semaphorins, and Ephrins, and their corresponding receptors DCC1/Frazzled, 
Robos, Plexins/Neuropilins, and Ephs, respectively. Recent studies indicate 
that many individual guidance molecules can act both as repellents and 
attractants.  
 Netrin is a well-known attractant cue that is also capable of repelling 
axons. It was first discovered, cloned, and studied in C. elegans (Unc-6; 
Hedgecock, et al., 1990; Ishii et al. 1992; Chan et al. 1996). After its discovery 
in the spinal cord, it was named “netr” based on the Sanskrit word, means “one 
who guide” (Greg Lemke, 2009, Developmental Neurobiology). In Drosophila, 
both Netrin proteins, NetA and NetB, are secreted in the midline from midline 
glia cells (Figure 1, green color shading and +). In vertebrates, there are three 
mammalian Netrin proteins (Netrin1, 3, 4) (Serafini et al., 1994; Kennedy et al., 
1994). Netrins typically attract axons to the midline/floor plate, (but can mediate 
repulsion depending on the receptor present). Netrin is the only known midline 
attractant in Drosophila at present; during embryogenesis, the action of Netrin 
and Frazzled/DCC, the canonical Netrin receptor, attracts axons to the CNS 
midline/floot plate (Harris et al. 1996; Kolodziej et al. 1996; Mitchell et al. 1996; 
Serafini et al., 1996). Conversely Netrin also participates in repulsion through 
interactions with the UNC-5 receptor (Keleman et al. 2001, Culotti et al., 1998; 
Leonardo et al., 1997; Hamelin et al., 1993; Leung-Hagesteijn et al., 1992). 
Thus, the Netrin family is bifunctional, attracting some neurons while repelling 
others during the development of the nervous system.  
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 The Netrins are secreted by midline cells and were identified as 
mediating midline attraction at short- and long-ranges (chemoattractant) toward 
the midline (Hedgecock et al., 1990; Ishii et al., 1992; Kennedy et al., 1994; 
Serafini et al., 1994; Mitchell et al., 1996; Harris et al., 1996; Deiner et al. 1997; 
Brankatschk and Dickson 2006). In Drosophila, in addition to the midline 
expression and axon guidance, NetA and NetB are expressed in the muscle 
and act as a short-range targeting signal to attract axons to the muscle 
(Mitchell, 1996; Winberg et al., 1998; Garbe, 2007). 
 Although Frazzled (Fra)/DCC is the canonical receptor for Netrin 
attraction function in vertebrates and invertebrates, genetic analysis in 
Drosophila indicates that Dscam2 protein also binds to Netrin with the same 
affinity as Frazzled, and can perform as an attractive receptor for Netrin parallel 
to Frazzled/DCC (Ly et al., 2008; Andrews et al., 2008; Liu et al., 2009). The  
Dscam/Netrin attractive function (Ly et al., 2008; Andrews et al., 2008; Liu et 
al., 2009) has been challenged by Palmesino et al. 2012 who found no 
evidence that Dscam mediates Netrin axon growth and guidance in the spinal 
cord. The original Drosophila study still stands with strong genetic interactions 
in the developing larval visual system (Andrews et al., 2008), and other groups 
have presented further data on a role for Dscam and Netrin in axon growth and 
branching (Huang et al., 2015; Zhu et al., 2013). In this regard, there is a 
possibility that Dscam transduces a non-directional signal and/or responds to 
an additional ligand parallel to the Netrin. 
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 Dscam is a member of the cell adhesion molecule superfamily. It was 
discovered while characterizing proteins located within human chromosome 
band 21q22.2–22.3, a region identified to play a critical role in Down Syndrome, 
as mutations in this region lead to mental retardation (Yamakawa et al. 1998; Li 
et al., 2004). Dscam is expressed primarily by neurons and contains 10 
Immunoglobulin (Ig) domains, six Fibronectin type III domains, a 
transmembrane (TM) domain, and cytoplasmic domain. In Drosophila three of 
these Ig domains (Ig2, Ig3, Ig7) are highly variable; the combinatorial 
alternative splicing of these Ig-domains makes 19,008 distinct protein isoforms. 
When combined with alternative splicing of the transmembrane domain and 
inclusion/exclusion of cytoplasmic domain exons, 152,064 different Dscam 
receptors are possible (Yu et. al., 2009; Huang et. al., 2011).  
 The variable Ig domains control homodimerization and in most cases the 
protein sequence has to be identical in all three Ig domains for 
homodimerization to occur (Wojtowicz et. al. 2004; Wojtowicz et. al., 2007). 
Drosophila Dscam has at least 24 exons, four of which - exons 4, 6, 9 and 17 
respectively contain 12, 48, 33, and 2 variable exons (Schmucker et al., 2000). 
Inclusion of variable one exon leads to the exclusion of the other variable exons 
(Graveley, 2005). For exon 4 splicing is regulated through a sequence located 
in the intron between exons 3 and the first exon 4, which forms an RNA 
secondary structure, the inclusion stem (iStem), and is required to ensure all 12 
variable exons are included in spliced transcripts (Kreahling and Graveley, 
2005). Exon 6 has a sophisticated mechanism to select only one exon among 
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48 variable exons. Graveley, 2005 reported there are two classes of sequence 
elements that regulate exons 6 splicing, the docking site and selector 
sequences. The docking site is located in the intron downstream of the 
constitutive exon 5, and the selector squences are located upstream of each of 
the 48 exon 6 variants. Each of these selecting sequences can base pair with 
the docking site. Interaction between docking site and selector sequence resuts 
in only one exon 6 variant is included in each Dscam mRNA (Graveley, 2005; 
Anastassiou et. al, 2007). There is no evidence regarding how the splicing 
mechanism of exon 9 happens, although it has been speculated that base 
pairing with the docking site displays a splicing suppressor protein (Park and 
Gravely, 2007).  
 The diversity of Dscam isoforms allows every neuron in the fly nervous 
system to have a unique set of Dscam proteins, and occurs in a probabilistic 
manner to mediate dendritic and axonal self-avoidance (Miura et al., 2013). 
Restriction of Dscam alternative splicing artificially causing disruption to all 
aspects of neural circuitry (Neves et al, 2004; Chen et al., 2006; Hattori et al. 
2007, Hughes et al. 2007, Matthews et al. 2007, Soba et al., He et al., 2014).  
Several lines of evidence suggest that Dscam has functional roles that do not 
rely on diversity. Dscam molecules have an evolutionarily conserved ability to 
bind Netrin (Andrews, Ly, Liu), and ligand binding has been proposed to disrupt 
hemophilic cell adhesion (Schmucker and Chen, 2009). Vertebrate Dscam 
genes lack the alternative splicing seen in arthropods and have only a small 
number of different transcripts (Yamakawa et al., 1998; Schramm et al., 2012), 
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although they can still mediate homophilic cell adhesion (Agarwala et al., 
2001).  In my thesis, I demonstrate diversity independent functions of Dscam 
by studying binding of the Slit ligand in cell culture and non-repulsive functions 
in vivo. 
 During Drosophila embryonic nervous system development, one of the 
most important roles of Dscam is to function as an axon guidance receptor 
(Schmucker et al., 2000). Andrews et al. (2008) reported that Dscam mutants 
disrupt midline crossing in conjunction with frazzled mutants, and that 
overexpression of Dscam stimulates the level of ectopic midline crossing in 
flies. Dscam binds Netrin midline attractants suggesting a mechanism for the 
midline crossing observations. Netrin1 binds to Dscam in a region 
encompassing (Ig7– Ig9) in vertebrates (Ly et al., 2008; Schmucker and Chen, 
2009). In our laboratory, we recently found that Netrin-B is able to bind to 
Drosophila Dscam in a region comprising of Ig7 and Ig8 (M. Song, unpublished 
data, Chapter 2). As Ig7 is a variable domain, it seems likely that the binding 
site will be Ig8. However, Andrews et al., (2008) showed that Dscam induced 
midline crossing is independent of Netrin. 
 As an initial experiment to demonstrate a diversity independent function 
of Dscam in the Drosophila, I attempted to rescue Dscam fra double mutant 
embryos. The Dscam CNS phenotype is subtle and greatly enhanced by the 
removal of fra facilitating analysis. Pan-neuronal expression of one isoform of 
Dscam out of 152,064 isoforms in the Dscam fra double mutant was sufficient 
to rescue the CNS axon phenotype arguing that diversity is not critical in the 
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embryo. Remarkably, single isoform expression not only rescued the Dscam 
mutant phenotype but also rescued the fra mutant defects (refer to chapter 3). 
This data strongly argues that Dscam can substitute for the Fra attractive 
function.  
 During development of the CNS, Netrin/Frazzled and Netrin/Dscam/un-
known co-receptor signaling, as well as other cues that need to be identified 
such as Hedgehog (Ricolo et al., 2015), attract axons to the midline. 
Commissural axons must leave the midline and this is performed by altering 
growth cone responses to other axon guidance cues in the midline, such as 
upregulation of the Robo receptor. The presence of Robo receptors allows the 
ligand Slit to prevent axons from re-crossing the midline and guides axons in 
the longitudinal pathway. 
 Slit is a keynote repellent in axon guidance. The slit gene was 
recognized by Nüsslein-Volhard et al. in 1984, and later on Rothberg and 
Artavanis-Tsakonas cloned the slit gene and found it encoded a large secreted 
molecule that is produced and secreted by the midline glia cells. Genetic 
analysis of the slit gene revealed that it plays a role in axon guidance as the 
major midline repellent (Figure 1, red color shading, - arrows). Binding of Slit to 
the Robo receptors inhibits axons from re-crossing, so those axons grow 
parallel to the midline and form longitudinal pathways. However, there is 
compelling evidence for non-repellent roles of Slit such as promoting sensory 
axon and cortical dendritic elongation and axon branching of Slit proteins 
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(Wang et al., 1999; Whitford et al., 2002; De Bellard et al., 2003; Ma and 
Tessier-Lavigne, 2007). 
 All Slit proteins (Drosophila and C. elegans have one Slit protein and 
vertebrates have three Slit proteins, Slit1-3) contain a long stretch of four LRR 
(Leucine-Rich Repeat) domains, and seven to nine EGF (Epidermal Growth 
Factor) domains, an ALPS spacer (Agrin, Perlecan, Laminin, Slit) or Laminin G-
like module, and at the end a C-terminal cysteine knot motif (Nguyen-Ba-
Charvet and Chedotal, 2002; Brose et al., 1999). LRR domains, specifically 
LRR2, mediate Slit repulsive function (Howitt et al., 2004). Each LRR contains 
five to seven LXXLXLXXN sequences, (L=leucine, N=Asparagine and X as any 
amino acid) and an N-terminal cysteine-rich cap (Hohenester et al., 2006; Bella 
et al., 2008) (Figure 2).  
 Slit is a secreted glycoprotein expressed by midline glia cells and other 
tissues. Slit can act at either short or long distances (Kidd et al., 1999; Simpson 
et al., 2000a, 2000b; Rajagopalan et al., 2000a, 2000b) and has a strong 
affinity for the extracellular matrix (Brose et al., 1999). After Slit expression, the 
protein is proteolytically processed, almost extracellularly, and is cleaved at the 
beginning of the sixth EGF repeat into two parts, Slit-N (from the first LRR to 
the end of fifth EGF domain) and Slit-C (from the sixth EGF domain to the end, 
cysteine knot part) (Brose et al., 1999) (Figure 2). 
 Slit repulsion activity is mediated by Robo receptor (Robo1, Robo2, and 
Robo3) (Li et al., 1999; Kidd et al. 1999; Brose et al., 1999; Simpson et al., 
2000; Rajagopalan et al., 2000a, 2000b; Sabatier et al., 2004). However, there 
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is evidence showed that Robo signaling could have different functions; 
regulation and stimulation of the dendritic branching occurs through Slit/Robo2 
binding (Hocking et al, 2010).  
 Slit/Robo interaction in the developing nervous system is evolutionarily 
conserved between invertebrates and vertebrates (Brose et al., 1999). 
Slit/Robo signaling makes an inactive dimer Robos to be active, and heparin 
sulfate is needed to promote Slit-Robo binding and signaling (Simpson et al., 
2000; Tanno et al., 2004; Ypsilanti, et al., 2010). Heparin Sulfate (HS) surface 
is frequently present on co-receptor type proteins such as Syndecan and 
Glypican, Heparan sulphate proteoglycans (HSPGs) (Smart et al., 2011; Hu, 
2001; Irie et al., 2002; Johnson et al., 2004; Steigemann et al., 2004). HSPGs 
are required to form the Robo/Slit complex by binding to the Ig1 domain of 
Robo receptors and the LRR2 and LRR4 domains of Slit, to stabilize Slit 
homodimer (Tanno et al., 2004; Inatani et al., 2003; Ypsilanti, et al., 2010; 
Hussain et al., 2006; Fukuhara et al., 2008; Seiradake et al., 2009). 
 Analyzing Slit structure and function in vertebrate and Drosophila 
models indicates that the LRR domains are necessary to mediate Slit repulsive 
activities in the nervous systems as well as being involved in neurite outgrowth 
(Poelmans et al., 2011; Nguyen-Ba-Charvet et al., 2002; Battye et al., 1999). 
The detailed research, using a solid-phase assay, determined that Slit can 
dimerize through the LRR4 and the Cysteine knot domains (Tanno et al., 
2004); and it specifically interacts with Robos through the second LRR, which is 
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consistently conserved between vertebrates and invertebrates (Howitt et al., 
2004) (Figure 3). 
 Robo (Roundabout) is the Slit stereotypical receptor. Robo protein 
belongs to the immunoglobulin (Ig) superfamily; in the extracellular domain it 
contains five Ig-like domains followed by three fibronectin type III repeats 
(FNIII), and in the intracellular tail there are up to four conserved cytoplasmic 
motifs, CCO-CC3 (Kidd et al., 1998; Bashaw et al. 2000; Morlot et al., 2007; 
Hohenester, 2008). The first two Ig domains (Ig1 and Ig2) are the most 
conserved part and highly required for the Slit binding (Figure 3).  
 Drosophila possesses three Robo proteins; Robo1 responds to the 
short-range and long-range gradient of Slit and mediates prevents ipsilateral 
axons from crossing and commissural axons from re-crossing the midline (Kidd 
et al., 1998a, 1998b; Simpson et al., 2000; Rajagopalan et al., 2000); however, 
there are some Slit proteins that expressed in midline, defused laterally out of 
midline, and act as a long-range cue, chemorepellent (Furrer et al. 2007) 
(Figure 4). That Robo2 and Robo3 receptors commonly respond to this Slit 
gradient and control the lateral positions of axons to grow parallel to the midline 
(Simpson et al., 2000; Rajagopalan et al., 2000). Spitzweck et al. 2010 found 
that lateral position of longitudinal axons are based on the level of Robo gene 
expression, not the structural features of Robo proteins; in other words, as long 
as the overall level of Robo proteins being constant, substitution 
overexpression of one gene instead of other genes will keep longitudinal 
pathway accurate (Reviewed in Rubenstein and Rakic, 2013).  
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 Previous studies indicated that mutation of individual Robo genes do not 
phenotypically match slit mutants arguing that Robo molecules have distinct 
roles, complementary but not totally overlapping functions during axon 
guidance (Sabatier et al., 2004; Chen et al. 2008; Spitzweck et al., 2010; 
Kolodkin and Tessier-Lavigne, 2015). In addition, previous studies have shown 
that the robo gene family is known for its essential role not only in the 
development of the nervous system, but also in the involvement of guidance 
and migration of non-neural cells, such as neuronal precursor cells and muscle 
cells (Dickinson et al., 2008; Andrews et al., 2007; Marín et al., 2003). 
 Two important intracellular proteins that mediate Slit-Robo interaction 
downstream signaling are Ableson tyrosine kinase (Abl) and Enabled (Ena). 
Abl is able to phosphorylate Robos and leads to Robo inactivation (Fan et al., 
2003). Ena promotes actin polymerization. Abl and Ena are both involved in the 
repulsion function of Robo (Wills et al., 2002; Bashaw et al., 2000).  
 The essential question here is how can axons cross the midline in the 
presence of Slit/Robo repulsive signaling? Observations from the Drosophila 
nervous system indicate Robo protein is absent from the surface of 
commissures and is locally restricted to the longitudinal axons (Kidd et al., 
1998b). This pattern depends on the activity of the Commissureless (Comm) 
protein whose presence prevents Robo from reaching the growth cone, 
allowing axons to cross the midline (Figure 1) (Kidd 1998b, Keleman 2002, 
2005, Georgiou and Tear 2003). 
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 The Comm protein is a short trans-membrane protein (comm) with 
cytoplasmic LPSY motifs that regulate the intracellular trafficking of Robo, and 
is essential for endosomal sorting of Comm (Keleman et al., 2002). In the 
comm mutant, there is no blocking of Robo delivery to the growth cone, and all 
axons fail to cross the midline (Kidd 1998b; Keleman et al., 2002 and 2005).  
 Interestingly, Robo is recognized as a factor that stimulates sensory 
axon branching and elongation (Dickson, 2002; Wang et al., 1999). There is 
evidence that discuss a range of biological functions, such as axon guidance, 
neuronal migration, and immune responses to the cell differentiation, which 
regulating by Slit and most likely through Robo signaling (Chédotal, 2002; 
Dominique Bagnard, 2007, Axon Growth and Guidance). There is no doubt that 
Slit is the primary repellent at the Drosophila CNS midline, but, there is 
evidence from other tissues indicating that Slit could also act as an attractive 
cue, although the receptor(s) are unknown (Wang et al., 1999; Kramer et al., 
2001; Englund et al., 2002; Whitford et al., 2002; De Bellard et al., 2003). 
Therefore, further study of the Slit/Robo interaction signaling and involvement 
of related molecules is important to understanding axon guidance, neural 
development, and large-scale brain wiring.  
 
1.3 Non-repellent function of Slit through Robo and Dscam receptors  
 
Netrin A and B double mutants, (NetAB), have a substantial number of 
commissural axons that are still present in the embryonic CNS (Brankatschk 
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and Dickson 2006; Andrews et al., 2008). Comparison of the double mutants 
Dscam fra and the triple mutants Dscam fra Dscam3 with Netrin mutant 
phenotypes shows a dramatic reduction in the number of axons that normally 
cross the midline, to a level significantly greater than the Netrin mutant 
(Andrews, et al., 2008), leading us to predict that Dscam proteins would bind 
additional ligands. We subsequently observed a physical interaction between 
Dscam and Slit-N, the N-terminal cleavage fragment of Slit, while using Slit as 
a “negative” control for the Dscam-Netrin binding assay. This observation in 
addition to the in vivo observations of the NetrinAB and Dscam fra double 
mutants led us to the idea that Dscam acts as an attractive receptor for Slit-N 
as well as functioning as a Netrin independent attractive receptor in the 
commissural and longitudinal growth and guidance.  
 Slit-N may be the most active part of Slit and it contains the Robo 
binding site (Wang et al. 1999; Battye et al., 2001; reviewed by Chedotal, 
2007). In 1999, Wang and his co-workers showed that Slit (specifically Slit-N) 
functions as a positive stimulator of axon outgrowth and branching of dorsal 
root ganglion sensory axons but the receptor is unknown (Ma and Tessier-
Lavigne, 2007; Nguyen Ba-Charvet et al., 2001). It is worth noting that Slit-C 
was recently shown to be a ligand for the canonical Semaphorin receptor, 
Plexin (Delloye-Bourgeois et al., 2015).  
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1.4 Hierarchical models for axon guidance cues 
 
New research indicates an increasingly complicated view of receptor cross talk 
and signaling mechanisms. Guidance receptor signaling is more complex than 
simply the additive effects of the cues present in the growth cone environment. 
For example, GDNF/Ret and EphrinA/EphA4 signaling when coincident elicit a 
far stronger response than either signal alone (Dudanova et al., 2010). Axons 
simultaneously exposed to Netrin and Shh can sense and respond to shallow 
gradients of these cues that are undetectable when only one cue is present 
(Sloan et al., 2015). Previous results had also suggested that signaling might 
be hierarchical, such as when one receptor signaling silences another 
receptor's function. In Xenopus explants, it was observed that Robo and DCC 
physically interact through a cytoplasmic motif, allows Slit to silence Netrin 
attraction but still promote growth (Stein and Tessier-Lavigne, 2001). This is not 
a direct interaction but involves activation of PKA signaling. In mammals, 
Robo3 no longer binds Slit strongly, but instead forms a complex with DCC and 
is required for Netrin attraction in pontine nucleus axons (Zelina et al., 2014).  
 Recently, Kim et al. 2014 reported the synergistic growth of longitudinal 
axon explants in the coextension of Slit and Netrin, which is consistent with this 
hypothesis. In the thalamocortical projection in vivo, Slit can potentiate Netrin 
attraction through the action of the FLRT3 co-receptor for Robo; contrariwise, 
Netrin-1 can reduce and diminished Slit/robo repulsion signaling in a different 
situation (Fothergill, et al., 2014; Lopez-Bendito et al., 2014). Although the 
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cytoplasmic motifs of these molecules are conserved in vertebrates and 
invertebrates, no physical interaction has been reported in flies (Kidd et al., 
1998; Kolodziej et al., 1996). Furthermore, genetic analysis of midline crossing 
strongly suggests that Slit/Robo and Fra/Netrin signaling are independent 
(Garbe et al., 2007). However, genetic analysis of longitudinal axon guidance 
approves that Slit/Robo signaling suppresses responding to Netrin. 
Accordingly, these days research is focusing to answer this question that how 
different signaling systems can interact to produce unexpected guidance 
outcomes?  
 My thesis’ goal was to understand the role of Slit-N binding to Dscam in 
vivo. In the course of experiments, my results suggested that Slit-N could not 
function without Robo binding, leading me to successfully test for the presence 
of a Robo-Slit-N-Dscam complex. And I generate data that is consistent with 
Dscam-Robo-Slit-N signaling modulating the response to Netrin in longitudinal 
axons but could also be altering the response to unknown midline attractants. 
 In this thesis research, we aim to add a novel answer to this question by 
characterizing Slit as an attractive cue in the CNS. All these axon guidance 
cues and receptors at the first observation have individual functions, but we 
believe all molecular signaling act together through a synergistic system to 
direct axons to the right pathways and ultimately the right targets.  
 During this research we were able to show that Slit, a strong repellent in 
the central nervous system, can act as a non-repellent and in some situations 
as an attractant. We identified that the Dscam receptor, a cell adhesion 
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molecule, mediates Slit's alternative function by forming a Slit-N dependent 
complex with Robo. Motor neuron innervation assays led us to demonstrate 
that Slit-N has a Dscam dependent function in vivo that is distinct from 
repulsion. We believe that by forming the complex, Dscam switches the 
signaling output of the Robo receptor, including suppression of attraction to 
Netrins (refer to the Chapter 2) and perhaps mediating an attractive function 
(refer to the Chapter 3). Our work provides another example of how different 
receptor systems can display cross talk and/or occupy a hierarchical network. 
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Summary 
 
Combinations of axon guidance cues and receptors guide axons to reach their 
correct targets. Overall, there is a balance between attraction and repulsion 
(guidance cues). A limited number of axon guidance cues and receptors have 
been discovered until now, notably Netrin, Slit, Semaphorins, and Ephrins. How 
can such a limited number of cues produce structures with the complexity of 
the nervous system? An emerging answer is that cues can be bi-functional 
depending on cellular context and receptors present in the growth cone. 
Emergent properties arise from the activation of different pathways 
simultaneously. Non-traditional signaling pathways are developing including 
non-directional activities of slit (Hiramoto and Hiromi, 2006), contact dependent 
and neurotrophic activities for Netrin (Hiramoto and Hiromi, 2006; Newquist et 
al., 2013) and tyrosine kinase signaling of Dscam (Andrews et al., 2008; Sterne 
et al., 2015). In this thesis, I find that Slit-N, although capable of transducing a 
repulsive cue, can also signal through alternative pathways that may be 
attractive, neurotrophic, or suppressing Netrin attraction. This activity requires 
both Dscam and Robo receptors (Figure 4). 
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Figure Legends 
 
Figure 1 Model for axon guidance at the Drosophila CNS midline 
In the developing CNS, commisural axons (b) cross the midline, whereas 
longitudinal axons do not cross (b). The only known midline attractant in 
Drosophila is, the evolutionarily conserved cue Netrin (indicated by green 
shading and + signs). Netrin typically attracts axons to the midline/floor plate, 
(but can mediate repulsion depending on the receptor present). Netrin attracts 
axons to the CNS midline, but after crossing they must leave. And, Slit and 
Semaphorin (indicated by red shading and - signs) are the most well-known 
repellents, the combination of these molecules with their receptors inhibit axons 
from re-crossing so those axons move parallel to the midline, join to the 
longitudinal axons, however there is evidence for the dual function of those 
cues. Every time there is a balance between attraction and repulsion to help 
axons move in the right pathways. When axons crossing the midline, there are 
also other molecules such as commissureless (Comm) involving to block the 
interaction between slit and Robo, and it helps axons to cross the midline and 
after crossing most of commissural growth cones turn to the longitudinal along 
to the midline. Motor neuron axons (c) are either longitudinal or commissural 
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Figure 2 Slit structure  
The Drosophila Slit protein contains four LRR domains; nine EGF (Epidermal 
Growth Factor) domains, an ALPS piece, and C-terminal cysteine knot part 
follow by the last EGF domain. It dimerizes from LRR4 (D4) and cysteine knot 
areas, interacts with Robo from the second LRR domain (D2), and mediates 
repulsion. 
 
Figure 3 Slit-Robo interaction mediates mainly repulsion during axon 
guidance 
Robo physically interacts with the second LRR domain of Slit from its Ig1 and 
Ig2 domains, and interprets Slit as a strong repellent in the CNS. Slit needs to 
form dimer and bind to the Robo and make an inactive dimer Robos to be 
active. 
 
Figure 4 Axon guidance molecular mechanisms 
There are various neural guidance mechanisms. Guidance cues can function at 
long distance (chemoattractant and chemorepellent) and short distance to 
mediate either attraction or repulsion. Some of the guidance molecules, 
ligands, have dual functions, both attraction and repulsion, depending on 
physical interaction with receptors. In this thesis, we characterized Slit as a mild 
attractive cue parallele to its repulsive function via binding both Dscam and 
robo, forming Dscam/Slit-N/Robo complex.   




Figure 1. Model for axon guidance at the Drosophila CNS midline 
 
  























Figure 2. Slit structure  
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Figure 3. Slit-Robo interaction mediates mainly repulsion during axon 
guidance 
  




Figure 4. Axon guidance molecular mechanisms 
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Abstract 
Longitudinal axons migrate long distances parallel to the CNS midline. In 
Drosophila, longitudinal axons encounter Netrin-positive commissures in every 
segment and make a decision to continue anterior-posterior growth instead of 
inappropriately crossing the midline. It has been proposed that in addition to 
repelling axons from the midline, Robo/Slit signaling acts to suppress Netrin 
attraction promoting longitudinal growth. Here we show that the N-terminal 
cleavage fragment of Slit (Slit-N) plays a key role in this decision as mutations 
that prevent proteolytic cleavage of Slit cause strong disruption of longitudinal 
axon guidance. Immunoprecipitation demonstrates that Robo1 forms a complex 
with Dscam1 and Slit-N in preference to binding full-length Slit. A dominant 
negative Dscam1 lacking the cytoplasmic domain strongly disrupts longitudinal 
axon guidance indicating that Dscam1 plays a signaling role. Binding assays 
show that Dscam1 interacts with the EGF domains of Slit. Deletion of the Robo 
binding site of Slit renders the molecule largely inactive, consistent with a 
requirement for Robo in Dscam1-Slit-N signaling. Mutant combinations of 
Dscam1, Dscam3, robo1 and robo2 disrupt longitudinal axon guidance 
suggesting that complexes of these cell surface receptors are responsible for 
suppressing Netrin attraction in longitudinal axons. This Dscam-based switch in 
signaling output for Robo has implications for human genetic syndromes in 
which Dscam is over-expressed.  
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Introduction 
Longitudinal axon guidance is distinguished by long distance growth 
independent of intermediate targets. In vertebrates, long distance gradients of 
Wnt and Shh have been shown to guide longitudinal axons in an anterior 
posterior direction (Bourikas et al., 2005; Lyuksyutova et al., 2003). 
Longitudinal axons also respond to local cues derived from the CNS midline, 
notably attractants such as Netrin and repellents such as Slit. The conflicting 
actions of these cues act to set the dorsal-ventral positions for longitudinal axon 
pioneers and dopaminergic axons (Devine and Key, 2008; Dugan et al., 2011; 
Kastenhuber et al., 2009; Kim et al., 2014). In vitro culture of longitudinal 
explants with both Netrin and Slit synergistically promotes axon growth (Kim et 
al., 2014), suggesting that the opposing cues not only define accurate lateral 
positioning, but also may promote axon growth.  
 In Drosophila, the highly organized and segmented nature of the nerve 
cord makes it easy to detect gross defects in longitudinal axon guidance 
(Seeger et al., 1993). Mutations in the lola gene specifically disrupt longitudinal 
formation between segments. Lola is a transcription factor that regulates the 
expression of multiple axon guidance genes such robo1, slit and Dscam1 
(Crowner et al., 2002; Gates et al., 2011). Notch and Delta are the only two cell 
surface genes identified that have highly penetrant longitudinal disruption 
phenotypes as single mutants (Giniger et al., 1993). Notch signaling induces 
neurons to produce a mesh of projections that link segments providing a 
substrate for navigating growth cones (Kuzina et al., 2011). The Netrin receptor 
	   53	  
Frazzled (Fra) is found on this mesh as well as axons, and traps Netrin 
diffusing from the CNS midline (Hiramoto et al., 2000). Longitudinal pioneer 
axons grow along the edge of this Netrin positive region (Hiramoto and Hiromi, 
2006). Netrin therefore has two activities in longitudinal axon guidance as a 
local contact-dependent cue and as a midline-derived chemoattractant that 
must be suppressed by other signals to prevent inappropriate midline crossing. 
 The Robo/Slit signaling system plays a key role in defining the lateral 
position of longitudinal axons in Drosophila, acting as a repellent from the CNS 
midline (Evans and Bashaw, 2010; Rajagopalan et al., 2000b; Simpson et al., 
2000a; Spitzweck et al., 2010). The emerging view is that Slit and Netrin 
signaling balance each other to maintain the lateral position of axons and this 
view is supported by mutant analysis in flies and vertebrates (Garbe and 
Bashaw, 2007; Hiramoto and Hiromi, 2006; Kastenhuber et al., 2009; Kim et 
al., 2014). However, in embryos with reduced Robo/Slit signaling in which 
longitudinal axons inappropriately cross the midline, ectopic slit expression in 
the longitudinal pathway was sufficient to rescue guidance (Hiramoto and 
Hiromi, 2006). Non-directional slit signals can therefore promote longitudinal 
trajectories by preventing midline crossing, suggesting that Robo/Slit signaling 
suppresses the Netrin-induced attraction to the midline (Hiramoto and Hiromi, 
2006). Subsequent epistasis experiments examining the behavior of the pCC 
longitudinal pioneer in combinations of fra, robo1 and slit mutants are 
consistent with this conclusion (Garbe and Bashaw, 2007). 
	   54	  
 In vivo, Slit is proteolytically cleaved into N- and C- terminal fragments: 
Slit-N and Slit-C. We discovered that Dscam1 is a receptor for Slit-N but not 
full-length Slit (Slit-FL). Dscam1 mutants have strong disruptions to the 
outermost longitudinal fascicle and intact fascicles often have a wavy 
appearance suggesting a role in longitudinal growth and guidance (Hattori et 
al., 2007). A slit mutant that cannot be cleaved (Ordan et al., 2015), has 
primary defects in longitudinal axon guidance with only minor defects in 
repulsion, suggesting that Slit-N is required for the progression of longitudinal 
axons from segment to segment. We find that Dscam1 can form a Slit-N 
dependent complex with Robo1 and several lines of genetic evidence suggest 
that complexes of Robo and Dscam proteins suppress the response to Netrin in 
longitudinal axon guidance. Our results are consistent with the hypothesis that 
Slit signaling functions by both repelling axons and by suppressing the 
response to Netrin-induced midline attraction. 
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Results 
 
Mapping the Slit-N binding domain in Dscam1 
While using Slit as a negative control for studies of Netrin binding Dscam1, Slit 
was observed to bind Dscam1. Slit is a challenging protein to produce (Brose et 
al., 1999; Jones et al., 2008; Ozkan et al., 2013; Wang et al., 1999), so we 
chose to generate recombinant Slit proteins using a baculovirus system to 
produce Slit in sufficient quantity and purity for detailed studies (Figure S1). 
Viruses encoding Slit-FL and the Slit-N were constructed and expressed in 
insect cells (Figure 1A). A series of constructs consisting of Dscam1 
ectodomains fused to the antibody constant region (Fc; Figure 1B) had 
previously been generated (Wojtowicz et al., 2004). We tested these proteins 
for binding to Slit and found that Slit-N, but not Slit-FL, bound to all the 
ectodomain constructs even though Slit-FL is present in a considerable excess 
(Figure 1C). This result indicated that Slit-N binding is highly specific and a 
binding site is located in the first 300 amino acids of Dscam1. Binding was 
confirmed with a baculovirus Slit-N construct (Figure 1D), and no binding was 
observed with Fc protein alone. The differential binding is likely to be due to 
steric hindrance that is relieved by cleavage of the Slit-C fragment, a 
mechanism that has been proposed for Nerve Growth Factor (Fahnestock et 
al., 2004; Paoletti et al., 2011). Netrin-B produced by COS cells was used as a 
positive control, and Netrin-B was found to bind all constructs in which Ig 
domains 7 and 8 are present (Figure 1E). This result is consistent with those 
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obtained for vertebrate Dscam and cNetrin-1 which placed binding in Ig 
domains 7-9 (Ly et al., 2008). Dscam1 therefore acts a receptor for Slit-N with a 
binding site located in the first three Ig domains of Dscam1. As Ig domains two 
and three are highly variable this suggested binding would be to Ig domain one. 
 
Slit-N has at least two binding sites on Dscam1 
To further map the Slit-N binding site, an N-terminal deletion series of Dscam1 
was constructed in a mammalian expression vector. In all constructs, the 
cytoplasmic domain was replaced with a 6xHis tag and the transmembrane 
domain was retained (Figure 2A). COS cell expression was confirmed by 
immunohistochemistry and western blot. Two Slit constructs with an N-terminal 
myc epitope (to avoid any steric hindrance at the cleavage site), myc-Slit-FL 
and myc-Slit-N (Figure 2B) were expressed in NIH 293 cells and the media 
from both constructs produced a band of ~123 kD corresponding to Slit-N, 
indicating that 293 cells can cleave Slit-FL. In cell overlay studies, Slit-N bound 
to the full-length Dscam1 ectodomain (Ig1 construct where the name of the 
construct indicates which Ig domain is present at the N-terminus) and to 
constructs lacking the first (Ig2) and first two Ig domains (Ig3; Figure 2C). Slit-N 
did not bind to constructs lacking the first five Ig domains or longer (Ig6, Ig8). 
When combined with the Fc results, this suggested that Slit-N would bind in the 
alternatively spliced third Ig domain, of which only half the domain is 
alternatively spliced. However, Slit-N still bound a construct lacking only this 
domain (D3; Figure 2C). As Slit-N can bind a construct composed of only the 
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first three Ig domains and can also bind constructs deleted for any of these 
domains, Slit-N must have more than one binding site in the first five Ig 
domains. Reasoning that binding might serve to disrupt the homophilic cell 
adhesion mediated by Ig domains 2 and 3, we tested constructs with deletion of 
Ig4 (D4) and Ig1 and Ig4 (D1,4), but there was no effect on binding in the 
overlay assay (Figure 2C). We conclude that Slit-N has at least two 
independent binding sites in the first five Ig domains of Dscam1, and Slit-N 
binding is independent of NetB (summarized in Figure 2D). 
 
Loss of Dscam1 enhances slit-N repulsive phenotypes 
In vertebrates, Slit-FL and Slit-N have opposite effects on axon branching 
(Nguyen Ba-Charvet et al., 2001). In flies, no functional differences between 
the two forms have been found (Coleman et al., 2010). We sought to 
demonstrate that Slit-FL and Slit-N have differential effects in vivo. Muscle 
over-expression of slit-FL repels innervating motor neurons (Kidd et al., 1999). 
We found that over-expression of slit-N only repelled 30% of motor neurons 
innervating the muscle 6/7 cleft (intersegmental nerve B/ISNb), whereas slit-FL 
repelled 70% (Figure 3). Uncleavable Slit (slit-U) repelled, 74%, to the same 
level as slit-FL. Removal of Dscam1 activity increased the repulsive effect of 
slit-N to a level that is statistically equivalent to that of slit-FL, but was different 
from over-expression of slit-N alone or the failure of innervation seen in 
Dscam1 homozygotes (p<0.001, Tukey HSD test). Dscam1 mutants have a 
mild muscle 6/7 innervation defect, but if the increase in defects was purely 
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additive, a defect rate of 39% should be observed, not 70%. These results 
demonstrate an in vivo biological effect of Slit-N that is dependent on Dscam1 
function, supporting the biochemical data for Dscam1-Slit-N as a receptor-
ligand pair. The results also suggest that Dscam1-Slit-N signaling has a 
biological output that opposes or neutralizes the repulsive effects of Slit-FL. 
 
Mapping the Dscam1 binding site in Slit 
To further understand the biological significance of the Dscam1-SlitN 
interaction, we mapped the region of Slit bound by Dscam1. Previous genetic 
analysis of slit suggested that deletion of the epidermal growth factor (EGF) 
domains enhances the repulsive function of slit (Battye et al., 2001). As 
Dscam1 opposed Slit-FL activity in the motor neuron assay, this suggested that 
the EGF domains might be the Dscam1 binding site. We expressed EGF 
domains 1-3 with a N-terminal myc tag (Figure 4A) and were able to 
immunoprecipitate the EGF domains with anti-Dscam1 but not anti-Robo1 
(Figure 4B). We confirmed the interaction using a cell overlay assay (Figure 
4C). Robos bind to the leucine rich repeat 2 (LRR2) of Slit (Howitt et al., 2004), 
and we hypothesized that deletion of LRR2 might reveal the nature of Slit-N 
signaling through Dscam1. A LRR2 deletion construct (Slit-D) was found to still 
be capable of binding Dscam1 in an immunoprecipitation assay (Figure 4D). 
Interestingly, the bound Slit-D protein is the uncleaved form indicating that Slit-
D can bind to Dscam1 in the absence of proteolytic processing. Slit-D also 
bound Dscam1 in a cell overlay assay (Figure 4E), confirming that the Dscam1 
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binding site is distinct from the Robo binding site (Figure 4F). We expressed a 
slit-D transgene on muscles in vivo hoping to see ectopic projections or 
overgrowth of motor neurons (Winberg et al., 1998a). Over-expression of slit-D 
actually inhibited innervation at muscle 6/7 to the same extent as Dscam1 
mutants, suggesting that Slit-D may act as a dominant negative to inhibit 
Dscam1 function (Figure 3F, 4G). Similar results were obtained for a transgene 
lacking all four LRR domains. Deletion of the Robo binding site therefore 
appears to inactivate Slit’s biological activity even though Slit-D remains 
capable of binding Dscam1. 
 
A Slit-N dependent Dscam1-Robo complex 
Given the requirement for the Robo binding site in Slit, we tested whether 
Dscam1, Robo1 and Slit-N could form a complex in cell culture and found that 
immunoprecipitation of Robo1 can also pull down Dscam1, but only in the 
presence of Slit (Figure 5A). When Robo1 was present alone, Slit-FL was 
preferentially immunoprecipitated by anti-Robo1 (Figure 5B). However, when 
plasmids for Robo1 and Dscam1 were present in approximately stoichiometric 
amounts, Slit-N was preferentially immunoprecipitated indicating that the 
Dscam1-Robo1-Slit-N complex forms in preference to Robo1-Slit-FL (Figure 
5B). The result also suggests that there is an equilibrium between Robo1 
homodimers and the Dscam1-Robo1 complexes that is dependent on the 
relative concentration of each molecule (Figure 5C).  
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Protein complexes are sensitive to inhibition through dominant negative 
approaches (Herskowitz, 1987). In flies, expression of the Netrin receptor 
Frazzled lacking a cytoplasmic domain (FraDC) has been used to dissect the 
function of Fra (Garbe et al., 2007; Yang et al., 2009). If the role of Dscam1 is 
simply to inhibit Robo1, then a dominant negative construct lacking the 
cytoplasmic domain (Dscam1DC) (Zhu et al., 2006) would be expected to 
mimic expression of a similar robo1 construct (robo1DC). Labeling of the 
ventral nerve cord with anti-Fasciclin 2 (Fas2) reveals three parallel longitudinal 
tracts on either side of the CNS midline (Figure 5D). Pan-neural expression 
using the sca-GAL4 driver and a single copy of Dscam1DC is highly disruptive 
to the longitudinal tracts (Figure 5E). In contrast, a single copy of a robo1DC 
transgene induces mild midline crossing as is seen for weak robo1 mutants 
(Figure 5F) (Berni et al., 2008). When stained to reveal the entire CNS axon 
scaffold, both transgenes have relatively mild effects in single copies arguing 
that Dscam1DC has a disproportionately strong impact on longitudinal axon 
guidance. The contrasting results obtained indicate that Dscam1 is not merely 
soaking up Slit-N in the embryo (in which case a robo1-like phenotype should 
be observed), but is actively signaling within the longitudinal tracts. Increasing 
the copy number of Dscam1DC and the pan-neural driver results in a very 
specific disruption of both longitudinal and commissural axon guidance (Figure 
5H). In most embryos, the Dscam1DC phenotype is remarkably regular from 
segment to segment suggesting that Dscam1DC is disrupting axon guidance at 
specific choice points rather than generally disrupting axon growth. Dscam1DC 
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is likely binding to and disrupting Robo1 signaling.  As Robo1 is present in only 
the longitudinal portions of the CNS axon scaffold (Kidd et al., 1998a), 
Robo1/Dscam1 complexes are likely participating in longitudinal axon 
guidance. In this respect, it is noteworthy that expression of a slit transgene 
lacking the EGF repeats (the Dscam1 binding site) leads to absence of most 
longitudinal connectives (Battye et al., 2001).  
 
Dscam robo1 double mutants disrupt longitudinal axon guidance 
To gain further insight into the role of Dscam1 in the Robo1/Slit-N complex, we 
constructed double mutants of Dscam1 and robo1. Epistasis predicts that if the 
function of Dscam1 is simply to inhibit robo1 function, then Dscam1 robo1 
double mutants should resemble robo1 phenotypes. robo1 mutants almost 
always have two longitudinal tracts on either side of the midline, although the 
BP102 antigen is excluded (Figure 6B) (Seeger et al., 1993). Embryos lacking 
Dscam1 and robo1 have an enhanced robo1 phenotype in which the 
longitudinal connectives are frequently reduced to one tract (Figure 6C). The 
nerve cord frequently fails to condense so is longer in the anterior posterior 
direction. To accurately quantify longitudinal phenotypes, the tracts were 
stained using anti-Fasciclin II, which labels three parallel tracts on either side of 
the midline Figure 6D). The longitudinal tracts are present in robo1 mutants, 
with the innermost (pCC/MP1) pathway wandering across the midline and the 
medial and lateral tracts showing frequent thinning or breaks but otherwise 
largely intact (Figure 6F). In Dscam1 robo1 mutants, all the axon tracts are 
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disrupted, with a single thick fascicle wandering across the midline and the 
medial and lateral tracts clearly disrupted, often absent between segments. The 
pattern is very similar to that of the longitudinals lacking mutant (lola) (Crowner 
et al., 2002). We counted the number of Fas II positive fascicles at the segment 
boundary (Table 1), confirming that there is a statistically significant increase in 
severity of the Dscam1 robo1mutant longitudinal axon guidance phenotype. 
The increased severity of the phenotype indicates that Dscam1 is interacting 
with other proteins in addition to Dscam1. As single mutants, Dscam1 and 
robo2 mutants have disruptions of the outermost Fas II positive fascicles 
(Figure 6I,J), so we constructed double mutants for Dscam1 and robo2, which 
show enhanced longitudinal axon defects (Figure 6K). Finally, Dscam3 
participates in CNS axon guidance (Andrews et al., 2008), so we examined 
Dscam1 Dscam3 double mutants and found significant disruptions to Fas II 
positive tracts (Figure 6L). These findings suggest that multiple robo and 
Dscam genes participate in longitudinal axon guidance. 
 
Analysis of an uncleavable slit mutation reveals a role in longitudinal 
axon guidance 
As the Dscam1-Robo1 complex can only form with the Slit-N cleavage 
fragment, a slit allele incapable of being cleaved (slit-UC) (Ordan et al., 2015) 
should display strong disruptions to longitudinal axon guidance. Superficially 
the CNS axon scaffold of the slit-UC mutant resembles that of a robo mutant 
(Figure 6D). The slit-UC allele displays increased variability in positioning of 
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individual segments of the axon scaffold and the longitudinal connectives 
between segments are often missing. When stained with anti-Fas II, the slit-UC 
allele displays the characteristic circling of the innermost fascicle seen in robo 
mutants, but unlike robo, all three longitudinal fascicles contribute to the circles 
forming around the midline or form a single thick fascicle meandering along the 
midline as seen in Dscam1 robo1 or lola mutants (Figure 6H). To trace the 
origins of the phenotype, we examined the trajectory of the pCC axon that 
pioneers the innermost fascicle (Figure 7A). In slit-UC mutants ~10% of pCC 
axons inappropriately cross the midline suggesting a mild reduction in midline 
repulsion (Figure 7B). This is in contrast to robo1 mutants in which 96% of pCC 
axons cross the midline (Figure 7C). Cell body positioning is also irregular in 
the slit-UC allele and the pCC axons are growing at different rates (note the 
positions of the growth cons in Figure 7B). The slit-UC allele produces a less 
stable Slit protein (Ordan et al., 2015), so midline repulsion may be reduced but 
is clearly present. Examination of slightly older embryos confirms that the 
majority of pCC axons do not cross the midline in slit-UC mutants (Figure 7B’), 
whereas in robo mutants most pCC axons cross the midline (Figure 7C’). Both 
ascending and descending longitudinal pioneers fasciculate with one another 
(Hidalgo and Brand, 1997), before continuing their growth past the commissure 
in the next segment (Figure 7A’’). In robo mutants, the pioneer axons recross 
the midline forming the characteristic circular fascicles that give the mutant is 
name (roundabout; Figure 7C’’) (Seeger et al., 1993). In slit-UC embryos, the 
longitudinal pioneers also inappropriately cross the midline when they 
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encounter the commissural axons also forming circular fascicles (Figure 7B’’). 
As midline repulsion is only mildly affected based on the behavior of pCC, but 
circular fascicles form in every segment, the slit-UC allele allows us to 
separates midline repulsion from the decision to re-cross the midline. This 
result confirms the work of Hiramoto and Hiromi that Robo/Slit signaling has a 
second function to suppress Netrin attraction in longitudinal axons (Hiramoto 
and Hiromi, 2006). The phenotype is also consistent with the finding that an 
uncleavable slit transgene behaves like wild type slit when used to rescue 
midline repulsion (Coleman et al., 2010).  
 
Partial suppression of the slit CNS phenotype by slit-N mis-expression 
CNS axons are attracted to the midline by Netrin and yet to be identified 
attractants. In slit mutants, the longitudinal fascicles are attracted to and 
collapse onto the CNS midline, with separation between the fascicles limited to 
occasional very small circles (Figure 8G) similar to those seen in robo mutants. 
If slit-N signaling is suppressing midline attraction, then it should be possible to 
suppress slit mutant phenotypes by expressing slit-N at places other than the 
midline. We used the 24B-GAL4 muscle driver to express slit-N lateral to the 
CNS as muscle precursors are present to the sides of the developing CNS (a 
subset lie on top of the CNS as well). Expression of slit-N in slit mutants 
induced separation of fascicles such that the fascicles formed small circles 
(Figure 8F) similar to but smaller than the robo phenotype and also resembling 
slit-UC mutants. Quantification of the phenotype revealed it to be statistically 
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significant (Figure 8H). Expression of slit-N in a wild type background induces 
waviness and breaks in longitudinal axons (Figure 8D) similar to Dscam1 
mutants (Figure 6I) suggesting that Dscam1 function is being inhibited through 
inappropriate activation. Removing Dscam1 enhanced the slit-N misexpression 
phenotype implying that other receptors are being affected (Figure 8C). 
Removing a one copy of endogenous slit or robo did not appear to enhance the 
slit-N phenotype (Figure 8B, E). Netrin mutants have a very weak ability to 
suppress slit mutants (Garbe and Bashaw, 2007), whereas slit-N appears to 
have a slightly stronger suppression suggesting an effect on a Netrin 
independent system. Combined with our analysis of the slit-UC loss of function 
allele, our data suggests that Slit-N acts to suppress the response to midline 
attractants in longitudinal axons. 
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Discussion 
 
Growing axons have to integrate navigational information from multiple cues to 
correctly navigate to their targets. Responses are dictated by regulation of the 
receptors present on the cell surface and this is quite well understood for 
midline crossing axons (Dickson and Zou, 2010; Neuhaus-Follini and Bashaw, 
2015). Far less is known about longitudinal axon guidance, which in vertebrates 
appears to involve long distance growth parallel to sources of guidance cues 
with no obvious intermediate targets. The obviously segmented nature of the fly 
ventral nerve cord reveals a choice point for axons each time they encounter 
commissural axons. Longitudinal axons make a decision to continue forward 
growth or to turn and inappropriately cross the CNS midline. Here we show that 
Dscam, robo and slit genes all play a role in the decision of longitudinal axons 
to cross to the next segment. In particular, Slit-N is promoting the decision to 
continue longitudinal growth by suppressing responses to attractants rather 
than repelling axons.  
 The ability to separate repulsion and recrossing is remarkable. Strongly 
suggests that slit has a non-directional function. Most obvious is growth. Mutant 
combinations of the Dscam, robo and slit genes preferentially disrupt the 
longitudinal tracts. Several previous studies had suggested that multiple genes 
might be involved in this process. The Commissureless (Comm) protein is 
capable of down regulating all three Robo proteins (Kidd et al., 1998b; 
Rajagopalan et al., 2000a; Simpson et al., 2000b). When comm is expressed at 
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a high level in the CNS, it strongly disrupts the inter-segmental longitudinal 
axon tracts (Kidd et al., 1999), suggesting that all three Robo genes participate 
in longitudinal axon guidance. Robo1 robo3 double mutants have greatly 
thinned longitudinal tracts (Rajagopalan et al., 2000b) and robo1-/- robo2-/+ 
embryos resemble Dscam1 robo1 double mutants (Simpson et al., 2000b). 
Other mutants such as the Plexin Semaphorin receptors (Ayoob et al., 2006; 
Winberg et al., 1998b) have breaks in the outermost fascicle similar to Dscam1. 
Interestingly, vertebrate Plexin was recently shown to be a receptor for the C-
terminal fragment of Slit (Delloye-Bourgeois et al., 2015). In addition to strong 
effects on midline crossing, Dscam1, Dscam3 and fra mutant combinations 
also have frequent longitudinal breaks (Andrews et al., 2008). Both Netrin and 
Fra mutants display characteristic breaks in the longitudinals but at a far lower 
frequency than lola mutants, suggesting they play a minor or redundant role in 
longitudinal formation (Harris et al., 1996; Kolodziej et al., 1996; Mitchell et al., 
1996). Many of these genes are under control of the lola transcription factor, 
which completely lacks intersegmental longitudinal tracts (Crowner et al., 
2002). Based on our finding that Dscam1, Robo1 and Slit-N form a complex, 
we propose that multiple Slit-N based complexes will function in the decision of 
longitudinal axons to cross to the next segment.  
 
Molecular Mechanism 
The simplest model for Dscam1 activity is that it is neutralizing Robo function in 
a manner analogous to Robo3 in vertebrates (Chen et al., 2008; Sabatier et al., 
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2004). Drosophila Robo2 may also function the same way and has been 
described as anti-repellent rather than mediating an attractive activity (Evans 
and Bashaw, 2010; Spitzweck et al., 2010). The dramatically different 
phenotypes of Dscam1DC and robo1DC argue that Dscam1 is playing a more 
active signaling role, and the epistasis results of Dscam1 robo1 double mutants 
indicate that Dscam1 is interacting with other signaling molecules. An emerging 
view of axon guidance is that receptors can interact in surprisingly complex 
ways to produce outputs that are non-additive (Dudanova and Klein, 2013). In 
vertebrates, the FLRT3 protein interacts with Robo1 to control the growth 
cone’s response to Netrin (Leyva-Diaz et al., 2014), and Slit/Robo signaling 
silences the response to Netrin while maintaining axon growth stimulation 
(Stein and Tessier-Lavigne, 2001). Slit/Robo and Netrin/Fra signaling appear 
largely independent in flies (Garbe and Bashaw, 2007), although the 
involvement of additional molecules including Dscams and Robo2 may have 
hampered analysis. 
 
Nature of Dscam/Robo/Slit-N Signaling 
In vertebrates, Dscam does not appear to be transducing a strict guidance 
signal (Palmesino et al., 2012), although both fly and mammalian proteins 
interact with cytoskeletal regulators (Li and Guan, 2004; Schmucker et al., 
2000). We previously showed that Dscam1 is capable of mediating CNS 
neuron survival (Newquist et al., 2013), and neuronal effects of Dscam1 over-
expression can be blocked by inhibitors of the Abl non-receptor tyrosine kinase 
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(Sterne et al., 2015). Dscam signaling may be transducing a general survival 
cue that permits continued axon growth (Raper and Mason, 2010) and ignoring 
the neurotrophic activities of Netrin-B (Newquist et al., 2013). Alternatively, 
Dscam/Robo/Slit-N signaling may be promoting general axon growth. The 
irregular growth rates of the pCC axon in the slit-UC mutant (Figure 7B) are 
paralleled by reduced elongation of longitudinal pioneers in robo mutants 
(Hiramoto and Hiromi, 2006). The breaks in Dscam1 robo1 mutants may 
represent axon stalling as well. This raises the interesting possibility that 
cytoskeletal modulators that promote actin polymerization and are required for 
robo1 signaling such as enabled (Bashaw et al., 2000), may be promoting axon 
growth across segment boundaries rather than being involved in midline 
crossing. The severe disruptions of Dscam1DC resemble mutant combinations 
of the abl tyrosine kinase and the actin capping protein beta in which the 
regulation of actin polymerization is disrupted (Grevengoed et al., 2001).  
 In vertebrates, Slit-FL and Slit-N are capable of repelling axons, but 
have opposite biological effects on axon branching (Ma and Tessier-Lavigne, 
2007; Nguyen Ba-Charvet et al., 2001). Dscam has the potential to mediate 
these effects. 
 
Neural and Heart Development 
Trisomy for Dscam is implicated in the congenital heart and mental retardation 
defects of Down Syndrome (DS) patients (Korbel et al., 2009). DS patients also 
display an increased prevalence of Hirschsprung’s disease, in which neural 
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crest cells fail to migrate into the colon to form the enteric nervous system, and 
Dscam is the leading candidate gene (Jannot et al., 2013). Dscam is also 
predicted to be over-expressed in Fragile X syndrome as Dscam mRNA is a 
target for repression by the FMRP protein (Cvetkovska et al., 2013). 
Knockdown of FMRP or over-expression of Dscam leads to axon targeting 
errors. In all these examples increased expression of Dscam is predicted to 
alter the migration patterns of neural precursor cells and axons, as they may 
now ignore attractive cues. In Drosophila, muscles express low levels of Slit 
protein (Kramer et al., 2001), perhaps to prevent in appropriate motor neuron 
innervation. Increased Dscam expression could potentially lead to erroneous 
synaptic connectivity. About half of DS patients have congenital heart defects 
(CHD) and Dscam is predicted to be the causative gene (Korbel et al., 2009). 
Robo-Slit signaling plays an important role in heart development 
(Mommersteeg et al., 2015). The ability of Dscam to alter Robo/Slit output 
would be predicted to change the migration of heart valve precursors leading to 
CHD. The COL18A1 collagen gene is adjacent to Dscam on chromosome 21 
and is homologous to Drosophila multiplexin (mp), a heart specific collagen that 
binds Slit and alters its distribution (Harpaz et al., 2013). Overexpression of mp 
at the CNS midline appears to inhibit Robo/Slit signaling, but could be 
promoting an alternative Slit function through increased proteolytic processing 
or promoting Dscam-Slit-N binding. Our results suggest that over-expression of 
both Dscam and COL18A1 may be relevant to CHD. It is worth noting that 
over-expression of Dscam and COL6A2 in flies and mice generates heart 
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defects, whereas no interaction was seen with COL18A1 (Grossman et al., 
2011). Given Slit’s strong affinity for the extracellular matrix, it will be interesting 
to see if collagen binding is a general property of Slit proteins, as Slit also has 
functional interactions with Type IV collagens (Xiao et al., 2011). 
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Materials and Methods 
 
Reagents and chemicals 
FBS was from Atlanta Biologicals (Flowery Branch, GA). SF-900 II (1X) and 
(1.3X) medium, Express Five, SFM, Grace's Insect Medium (unsupplemented), 
Bac-to-Bac® HBM TOPO® Secreted Expression kit, High Five cells, 
pSecTag/FRT/V5-His TOPO TA expression Kit, DMEM, TrypLE Express, 
lipofectamine 2000/3000, Cellfectin II Reagent Dynabeads, blasticidin and Opti-
MEM were purchased from Life Technologies (Grand Island, NY). The Sf9 
cells, 293 cells and COS-7 cells were gifts from C. Tittiger (Department of 
Biochemistry, University of Nevada, Reno), C. Singer (Department of 
Pharmacology, UNR) and G. Mastick (Department of biology, UNR) 
respectively. COS-7 cells were also purchased from the American Type Culture 
Collection. Dscam1 pIB/Fc constructs were a generous gift from W. Wojtowicz 
(Wojtowicz et al., 2004). Agarose was from Bio-Express (Keysville, UT). 
Phenylmethylsulfonyl fluoride (PMSF) and Protease Inhibitor Cocktail were 
from Sigma- Aldrich (St. Louis, MO). Batimastat was from TOCRIS (San Diego, 
CA). Gammabind Protein G Sepharose was from GE Healthcare (Pittsburgh, 
PA). Heparin was purchased from Fisher Scientific (Hanover Park, IL). QIAprep 
Spin Miniprep Kit was purchased from Qiagen (Valencia, CA). All 
oligonucleotides were from Integrated DNA Technologies (Coralville, IA). 
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Recombinant baculovirus production 
To generate recombinant baculovirus-full-length Slit and the N-terminal Slit 
cleavage fragment, pcDNA-Slit (Brose et al., 1999) was used as template and 
amplified by PCR. PCR products were gel-purified and cloned into the 
pFastBac™ /HBM-TOPO vector, an entry clone vector. The recombinant 
plasmids were fully sequenced, purified and transformed into DH10Bac™, 
which contains a baculovirus shuttle vector (bacmid) and a helper plasmid to 
facilitate the generation of a recombinant bacmid by white-blue colony 
screening. The correct recombinant bacmid DNA was transfected into Sf9 cells 
to produce recombinant baculovirus particle. The baculoviral stock was used to 
infect High Five cells to express recombinant protein. All the steps were 
performed as described by the Bac-to-Bac® HBM TOPO® Secreted 
Expression kit manual. All the recombinant plasmids were confirmed by 
sequencing with primer walking at the Nevada Genomics Center (UNR) and the 
sequences were analyzed using Vector NTI Advance 9 software (Invitrogen). 
 
Recombinant baculoviral proteins 
Protocols for growth and maintenance of Sf9 cells and High Five cells, 
recombinant baculovirus construction, and heterologous expression using the 
Bac-to-Bac HBM Expression Kit were as described by Life Technologies. 
Briefly, an LR recombination reaction between each entry recombinant clone 
and a baculovirus shutter vector in DH10Bac™ cells produced recombinant 
baculovirus clones that were transfected separately into Sf9 cells for 
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recombinant virus production. High titer P3 viral stocks for each construct were 
produced by successive 72 hour amplifications of the initial and P2 stocks. 
Approximate viral titers were determined by a plaque assay. The viral stocks 
were used to infect High Five cells grown to a density of 1.0 x 106 cells/ml in a 
disposable shaking flask (Bio-Express, Keysville, UT). For the expression of 
Slit-FL and Slit-N, High Five cells were infected with recombinant baculovirus at 
multiplicities of infection (MOIs, pfu/cell) ranging from 1 to 20. Media containing 
recombinant proteins were harvested at days 1, 2, 3 and 4 post infection (PI) 
with various MOI. Western blotting was used to determine the best expression 
time and MOI. All combinations of conditions for High Five cells and Sf9 cells 
were cultured at 27ºC with shaking flasks. 
 
Recombinant protein detection 
Cells infected with 6xHis-tagged Slit-N and Slit-FL recombinant baculovirus 
were harvested at 1-4 days PI with various MOI. The cell pellets were 
homogenized and culture medium was collected. Non-infected cells were 
prepared similarly as a negative control. Protein production was confirmed by 
western blotting using 1:1000 rabbit anti-his primary antibody from Abcam 
ab9108 (Cambridge, MA) for Slit-N and Slit-FL, 1:250 goat anti-rabbit lgG HRP 
secondary antibody (Jackson Labs), and SuperSignal West Pico 
Chemiluminescent Substrate (Pierce, Rockford, IL). Images were collected with 
FOTO/Analyst ImageTech (FOTODYNE Incorporated,  Hartland, WI). 
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Antibody production 
GenScript (Piscataway, NJ) was contracted to produce a rabbit anti-SlitN 
polyclonal antibody based on the antigenic peptide (CQLGENKIKEISNKM) 
designed and selected by the contracted company. The synthesized peptide 
was injected into the two rabbits separately. Four immunizations per rabbit 
were performed. Serum was collected, and the antibody was purified using 
peptide-conjugated resin. The quality of the antibody was examined by ELISA. 
The antibody was used to confirm recombinant protein produced in infected 
insect cells and in mammalian cells. 
 
Generation of stable insect cell lines 
Eight Dscam-Fc expression constructs in the pIB/V5-His vector (Wojtowicz et 
al., 2004) were transfected into either Sf9 cells or High Five cells with Cellfectin 
II reagent. After 48 hours post-transfection, the medium was replaced with 
fresh culture medium. Cells were split at 1:5 and cultured overnight with culture 
medium when they were confluent, followed by removal of the medium and 
replacement with selective medium containing 50 µg/ml Blasticidin. The 
selective medium was replaced every 3 to 4 days until foci were forming, and 
mock cells had completely died.  Resistant cells were expanded into flasks for 
frozen stocks with selective reagent. Blasticidin was used at a concentration of 
10 µg/ml for Sf9 cells and 20 µg/ml for High Five cells for maintenance after 
selection. Medium without blasticidin was used when splitting cells, and 
selective medium was added after the cells attached. Both Sf9 cells and High 
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Five cells were incubated at 27oC. Protein expression was confirmed with SDS-
PAGE and western blot. The protocol for building stable cell line is according to 
the instruction manual. 
 
DNA constructs 
Drosophila Dscam (isoform 1-30-30-2) pcDNA3-V5-His (Andrews et al., 2008) 
was fully re-sequenced and used as a template to generate different Dscam 
constructs: Ig1, Ig2, Ig3, Ig6 and Ig8 with different Ig domains removed from N-
terminus and the intracellular domain removed. The name of Ig X means that 
IgX domain is present and that the preceding domains before IgX are removed. 
For example, Ig2 means that Ig1 domain is removed and Ig2 domain is present. 
The forward primers for different constructs were used with the same reverse 
primers in separate reactions to generate different N-terminus deletion Dscam 
constructs with a C-terminal extension containing a V5 epitope and the 
polyhistidine-tag encoded by pSecTag/FRT/V5-His vector (Table 1). To 
generate Myc tagged full-length (Slit-FL) and the N-terminal cleavage fragment 
of Slit (Slit-N), pcDNA-Slit (Brose et al 1999) was fully re-sequenced and 
subcloned into pSecTag/FRT-His TOPO vector. PCR was performed using 
different reverse primers with the same forward primer containing Myc-tag 
nuclei acid sequence (GAACAAAAACTTATTTCTGAAGAAGATCTG) in the 5’ 
end (Table 1).  
 For constructs with deletions of individual Ig domains (Ig3, Ig4, Ig1,4, Ig6 
and Ig6,7 ), pSecTag Ig1 (above) was used as the template and the In-Fusion 
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Cloning kit from Clontech (Mountain View, CA) was used to generate deletions 
according to the manufacturer’s recommended protocol. In brief, PCR primers 
were designed to flank the desired deletion region and contained 15bp overlaps 
at their 5’ ends (Table 1); PCR products were gel-purified and recombined 
using the In-Fusion cloning reaction from the kit. The recombinant DNAs were 
transformed into E.Coli competent cells for screening. All of the constructs were 
sequenced using the ABI BigDye Terminator Cycle Sequencing Ready 
Reaction Kit v3.1. The reactions were run on an ABI3730 DNA Analyzer at the 
Nevada Genomics Center (UNR) and the sequences were analyzed using 
Vector NTI Advance 9 software (Life Technologies). 
 
Cell overlay assays 
COS-7 or 293 cells at 80% confluence were transfected with DNA expression 
constructs using Lipofectamine 2000 or 3000 (Life Technologies), according to 
manufacturer’s instructions. For receptor expression, Dscam constructs were 
transfected into Cos-7 cells and for ligand expression, pSegTag-Myc-Slit-FL 
and pSegTag-Myc-Slit-N were transfected into 293 cells. Approximately 48 
hours post-transfection, the supernatant was removed from receptor 
expressing cells and replaced with supernatant containing Myc-tagged ligand. 
Cells were incubated in a 37°C incubator for 1 to 2 hours before rinsing three 
times in 1XPBS and proceeding with fixation and antibody labeling. 
Alternatively, the mixture of ligand and receptor DNA constructs (1:1) were co-
transfected into COS-7 cells. After 48 hours post-transfection, the medium was 
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removed and the cells were washed with PBS.  After rinsing, cells were fixed 
for 15 minutes in 4% paraformaldehyde with 0.1% Tween-20 at room 
temperature, followed by rinsing in PBS containing 0.1% Tween-20 (PBST) five 
times.  The cells were blocked in 5% heat-denatured normal goat serum in 
PBST for 1hour. After blocking, the cells were incubated with primary 
antibodies diluted in 5% heat-denatured normal goat serum in PBST for 1 hour: 
rabbit polyclonal anti-His tag at 1:1000, Abcam ab9018 or anti-Myc mouse 
monoclonal 1:500 from Abcam ab32. Cells were then rinsed five times in 1X 
PBST. Secondary antibodies, Alex 488 Goat anti-rabbit IgG and/or Alex 595 
Goat anti-mouse IgG (Jackson Labs) were diluted with 1:1000 in 5% heat 
denatured goat serum in 1XPBST, then added to the cells and incubated for 1 
hour at room temperature. The cells were subsequently washed in 1X PBST 
five times, followed by washing in 1X PBS and 1 minute incubation in 4,6-
diamidino-2-phenylindole (DAPI) (Molecular Probes) to stain the nuclei. The 
cells were then washed in 1X PBS and mounted in FluorSave (Calbiochem). 
For double labeling, cells were incubated with the second primary and 
secondary antibody after finishing the first primary and secondary antibody with 
the same procedure.  
 
Immunoprecipitation assays 
Immunoprecipitation (IP) assays from cell culture followed the protocols of 
Banerjee et al. (Banerjee et al., 2010). For each IP assays with baculovirus 
proteins, the following protocol was followed: 50 µl of Protein G coupled beads 
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were washed with high salt binding buffer (100 mM phosphate buffer containing 
1M NaCl, 10 U/ml Heparin, 1mM DTT, 0.2mM PMSF and 1/1000 proteinase 
inhibitor cocktail) two times. The Sepharose beads were spun down at 500 x g 
for 2 min and a magnet (Life Technologies) was used to separate the 
supernatant and protein G Dynabeads.  Two tubes of beads were used per IP:  
one for the ligand pre-clearing, and the other for the IP itself. Eight soluble 
receptor Dscam-Fc supernatants from High Five Dscam-Fc stable cell line, and 
ligands: Slit-FL and Slit-N from baculovirus expression, were collected by 
spinning down the culture at 1000 x g for 10 min, the supernatants were further 
concentrated using a centrifugal filter kit (Millipore) and finally were diluted in 
high salt binding buffer. The ligand proteins were incubated with Protein G 
beads at room temperature for about 1 hour to remove non-specific binding.  
250 µl of Dscam-Fc was incubated with 50 µl of pre-washed Protein G 
Sepharose or Dynabeads rocking at RT for 1 hour (because both proteins were 
expressed in the medium at 27 o C). The unbound supernatant was removed, 
and the bead-receptor complex was incubated with pre-cleared ligand for one 
hour at room temperature. Non-binding protein was removed and beads were 
quickly washed in high salt binding buffer three times, 50 µl sample buffer was 
added to each sample, and samples were boiled for about 5 min, then either 
directly loaded into an SDS page gel or placed at -80o C.  
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Embryo Immunohistochemistry 
The BP102 and 1D4 monoclonal antibodies were obtained from the 
Developmental Studies Hybridoma Bank. Drosophila embryo stainings were 
performed as described in (Patel, 1994). Anti-FasII staining was enhanced with 
Vectastain ABC (Vector Labs, Burlingame, CA). 
 
Statistics 
Statistical analysis was performed on Statistica (Dell Statistica). Commissure 
defects, pCC midline projection errors and innervation of muscle 6/7 were all 
recorded per individual embryo and the data was analyzed using a Tukey HSD 
within a one-way ANOVA. 
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Figure Legends 
 
Figure 1 Mapping Slit-N and Netrin-B binding sites on Dscam1 
The binding sites of Slit-N and Netrin-B (NetB) in the Dscam1 ectodomain were 
defined by immunoprecipitation studies using insect cell expressed Dscam-Fc 
fusions, baculovirus expressed Slit proteins and 293 cell NetB expression. A. 
Schematic of baculovirus Slit-FL and Slit-N constructs used. Leucine rich 
repeats (LRR), epidermal growth factor repeats (EGF), laminin G domain 
(LamG) and cysteine knot (Cys) are indicated. B. Diagram of Dscam-Fc 
deletion series (Wojtowicz et al., 2004). Immunoglobulin (Ig), fibronectin (FN) 
and the transmembrane (TM) domains are indicated. The variable Ig domains 
are shaded black (Ig2, Ig3 and Ig7).  The TM domain of full length Dscam is 
replaced by an antibody constant region (Fc) domain in the deletion series. C. 
Immunoprecipitation of Slit-N by Dscam-Fc fusions. Baculovirus produced Slit-
FL is loaded as a standard in the right hand lane and a low level of Slit-N can 
also be observed. Slit-FL was incubated with the EC proteins, 
immunoprecipitated with anti-Fc antibody and immunoblot detection was with 
anti-Slit-N antibody. Slit-N was found to bind to all EC constructs tested, but not 
to the beads alone. Previous experiments revealed that Slit-N does not bind Fc 
protein alone. The secondary antibody used to detect Slit-N detects the Fc 
fusion proteins (asterisks), including a specific degradation product for EC16. 
D. Co-immunoprecipitation of Slit-N with EC proteins 3, 4 and 16 detected by 
an immunoblot for Slit-N. Slit-N binds to all three constructs. Fc proteins are 
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marked by asterisks. E. Immunoprecipitation of NetB by Dscam-Fc fusions. 
Media from 293 cells expressing NetB was incubated with the EC proteins and 
then immunoprecipitated with anti-Fc antibody. The immunoblot was probed 
with anti-myc antibody to detect NetB. NetB bound to EC8 and all larger 
constructs. The bands migrating at the same weight as NetB in the EC6 and 
EC16 lanes are Dscam-Fc fusion proteins. EC16 has several degradation 
products when mixed with 293 cell media. We are confident that no NetB is 
bound in the EC6 lane. 
 
Figure 2. Cell overlay assays to map Slit-N binding sites in Dscam 
COS cells were transfected with different Dscam expression constructs and 
tested for binding to N-terminally myc tagged Slit-N produced by 293 cells. A. A 
schematic representation of the Dscam1 expression constructs used. The 
symbols used for Ig domains (orange: constant, red: variable domains) and FN 
domains (blue) are the same as in Figure 1. The naming scheme for the 
constructs indicates the most N-terminal Ig domain present (the full length 
ectodomain is Ig1) or indicates which Ig domains are deleted (indicated by Δ). 
All constructs had their cytoplasmic domain replaced with a 6xHis epitope tag. 
Immunoblot with an anti-His antibody indicates that all constructs are 
expressed at their predicted sizes. B. Schematic of N-terminally Myc epitope 
tagged Slit constructs generated with LRRs in red, EGF repeats in blue, the 
Laminin G domain in bright pink and the cysteine knot in dull pink. C. Cell 
overlay assays in which COS cells expressing the indicated constructs were 
	   83	  
incubated with media from 293 cells expressing myc-Slit-N. Binding of myc-Slit-
N was detected by anti-myc (red) and counterstained with DAPI to reveal the 
nuclei (blue). Myc-Slit-N was found to bind Ig1, Ig2, Ig3, IgΔ3, IgΔ4, IgΔ1,4, but 
not Ig6 or Ig8 indicating myc-Slit-N binding in the first five Ig domains. Scale 
bars: 30µm. D. Schematic summarizing the binding site of data from Figures 1 
and 2, indicating that Slit-N has at least two binding sites in the Dscam1 
ectodomain and that the NetB binding site is physically distinct from the Slit 
binding sites. 
 
Figure 3. Differential effects of Slit-N are mediated by Dscam1 
Motor neurons in stage 17 embryos are stained with anti-FasII monoclonal 
antiobyd (mAb) 1D4 (A-E). The schematic demonstrates how the ISNb nerve 
assayed runs under the body wall muscles to innervate the cleft between 
muscles 6 and 7. A. Wild type embryo showing a horizontal projection from the 
ISNb nerve into the muscle 6/7 cleft (arrow). B. Embryo over-expressing Slit-N 
in muscles using the muscle specific 24B-GAL4 driver. In this example muscle 
6/7 innervation appeared slightly weaker but was still present (arrow). The 
adjacent segments have robust innervation. C. Muscle expression of Slit-FL 
repels the ISNb so that innervation does not occur (arrow). D. Dscam1 mutants 
have a low level of innervation defects at muscle 6/7. This example shows a 
normal innervation (arrow) while the segment to the right has a smaller 
horizontal branch. E. Muscle over-expression of Slit-N in a Dscam1 mutant 
leads to a strong repulsion phenotype and failure to innervate muscle 6/7 
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(arrow). F. Quantification of the muscle 6/7 innervation defects expressing as a 
percentage compiled from 10 embryos. Over-expression of Slit-N in a Dscam1 
mutant background and over-expression of Slit-FL are statistically different from 
wild type controls, Dscam1 mutants and Slit-N over-expression (*** p<0.001 in 
a Tukey HSD test within a one way ANOVA).  
 
Figure 4 Mapping of the Dscam1 binding site on Slit 
A. Diagram of Slit-N protein showing the leucine rich repeats (LRR) in red and 
the epidermal growth factor (EGF) repeats as blue circles. The three EGF 
repeats used to make the N-terminal Myc-tagged construct (Myc-EGF1-3) are 
shown. The Robo binding site of LRR2 is indicated. B. Immunoprecipitation of 
Myc-EGF1-3 by Dscam but not Robo. 293 cells were transfected with the Myc-
EGF1-3 plasmid and COS-7 cells were with 3ug Drosophila Dscam and Robo 
individually, are indicated above the immunoblot. Dscam1 was 
immunoprecipitated using a C-terminal V5 epitope tag, and Robo was 
immunoprecipitated using the 13C9 monoclonal antibody. The immunoblot was 
probed with anti-Myc to detect the EGF1-3 protein. A band is observed only in 
for the Dscam1 lane. C. Cell overlay assay. COS-7 cells were transfected with 
Dscam1 plasmid and incubated with media from 293 cells transfected with the 
Myc-EGF1-3 construct. Binding of EGF1-3 was detected by anti-Myc 
immunofluorescence (red) and the cell nuclei were counterstained with DAPI 
(blue). D. A Slit derivative lacking the Robo binding site (Slit-D) physically 
associates with Dscam1 in an immunoprecipitation assay. 293 cells were 
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transfected with slit-D and Dscam1 constructs as (+ and - above the blot) and 
immunoprecipitated with anti-V5 antibody to immunoprecipitate Dscam1 via an 
epitope tag. The blot was probed with anti-Slit-N antibody. A 150kD band 
corresponding to full-length (unprocessed) Slit-D immunoprecipitates in the 
presence of Dscam1, suggesting that inhibition of binding by the C-terminal 
domain of Slit is relieved by removal of the N-terminal LRR2 domain. E. Cell 
overlay assay in which media containing Slit-D was incubated with COS-7 cells 
expressing Dscam1. Binding of Slit-D to the cells was detected with the anti-Slit 
(C555) antibody as revealed by red immunofluorescence. F. Diagram 
summarizing the mapping results showing Dscam1 binding Slit-D via the EGF 
repeats and that binding is unaffected by the absence of the LRR2 Robo 
binding site. G. Muscles expressing slit-D and stained for motor neurons with 
MAb 1D4 showing no effect (asterisks) or a weak effect (arrowhead) on muscle 
6/7 innervation. Quantification (Figure 3F) reveals a weak inhibition of 
innervation. 
 
Figure 5 Dscam1 forms a Slit-N dependent complex with Robo1 
A. Transfection of COS-7 and 293 cells with plasmids encoding Dscam1, 
Robo1 and Slit as indicated by pluses (presence of plasmid) above each lane. 
Immunoprecipitation with an anti-Robo1 antibody pulls down Dscam1, but only 
in the presence of Slit. B. Immunoprecipitation of Robo1 alone recovers full-
length Slit, but in the presence of Dscam1, Slit-N is preferentially recovered. C. 
Schematic summarizing the observed interactions suggesting that an 
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equilibrium between Robo1 homodimers and Dscam1-Robo1 heterodimers 
exists. Slit-FL is depicted as dimerizing at the LRR4 and cysteine knot 
domains. The stoichiometry of the Dscam1-Robo1-Slit-N complex is unknown. 
D. Anti-Fasciclin II (MAb 1D4) staining of longitudinal fascicles. Three tracts 
project in an anterior-posterior direction on either side of the CNS midline, 
which is in the center of the picture. E. A single copy of a Dscam1∆C transgene 
expressed pan-neurally by the scabrous promoter (sca-GAL4) reveals severe 
disruption of the longitudinal fascicles. In addition to the overall disorganization 
of the fascicles, longitudinal breaks (arrows) can also be seen as well as 
clumping and stalling (asterisks). There is midline crossing at only one point 
(arrow). F. A single copy of a roboDC transgene expressed pan-neurally by the 
scabrous promoter reveals midline crossing of the innermost fascicle at multiple 
points (arrowheads). The longitudinal tracts have increased waviness, are 
sometimes merged or absent (asterisk) but are generally continuous. G. BP102 
staining to reveal the wild type CNS axon scaffold with its characteristic ladder 
like pattern. H. Multiple copies of a Dscam1DC transgene and sca-GAL4 driver 
produce absence of the longitudinal connectives between segments 
(arrowheads) and greatly reduced midline crossing (arrows). 
 
Figure 6 Longitudinal axon guidance in Dscam1, robo1 and slit-UC 
mutants 
Embryos stained with mAb BP102 (A-D) to reveal the CNS axon scaffold and 
anti-Fas II (1D4) to reveal the longitudinal tracts (E-L). A. Stage 16 wild type 
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embryo. B. robo14 homozygous embryo showing the characteristic pattern of 
thickened commissures and reduced longitudinals (arrow). BP102 staining in 
the longitudinal tracts is reduced. C. Dscam1P robo4 mutant in which several 
longitudinal tracts are absent (arrows). Condensation of the nerve cord has 
failed to occur and there are less segments visible in the field of view. Axon 
collapse onto the midline may be slightly increased. D. Stage 16 uncleavable 
slit mutant displaying reduced or absent longitudinals (arrows) and wide 
variability in the degree of axon collapse towards the midline in each segment. 
E. Stage 17 wild type embryo with longitudinal tracts running parallel to the 
CNS midline (center of image). F. robo14 mutant in which the innermost 
fascicles frequently merge and form circles around the midline. The medial and 
lateral fascicles are present (not always in the focal plane) and are largely 
intact, but display thinning, breaks and defasciculation (arrows). G. Dscam1P 
robo4 homozygous embryo displaying disruption to all the longitudinal axon 
tracts. A single thick fascicle follows the midline, occasionally forming circles 
(arrowhead). The remaining fascicles are frequently fused into a single fascicle 
that is often broken or completely absent (arrows). H. slit-UC mutant in which 
all three fascicles merge and frequently contact their contralateral homologues 
to form circles around the CNS midline. I. Dscam11 embryo with breaks to the 
outermost fascicle (arrows). J. robo2lea-2 mutant with disruptions to the 
outermost fascicles. K. Dscam11 robo2lea-2 double mutant showing strong 
disruption in the innermost and outermost fascicles, in some segmental bridge 
axons stall and do not enter to the next segment; and in some segments 
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innermost fascicles cross the midline. L. Dscam11 Dscam3c02862 double mutant 
in which the longitudinals have a high level of disruption. 
 
Figure 7 Analysis of longitudinal pioneer axons in an uncleavable slit 
mutant 
Anti-Fasciclin II (mAb 1D4) staining of embryos during early CNS development 
(stages 13-14 as indicated). Anterior is to the top of the image. A. Wild type 
embryo in which the pCC growth cones (arrows) are growing anteriorly and 
away from the midline. B. a slit-UC mutant in which the pCC growth cones 
(arrows) are growing anteriorly and away from the midline (arrowhead) 
resembling wild type behavior. However the growth cones are growing at 
different rates. The cell bodies are also positioned closer to the midline, 
particularly in the lowest segment (asterisk). C. robo4 mutant in which the pCC 
growth cones (arrows) have grown towards the midline and fasciculated with 
their contralateral homologues (arrowheads). The asterisk marks a relatively 
rare occurrence in which the pCC axons failed to cross the midline. A’. Mid-
stage 13 wild type embryo in which the pCC axons have met and fasciculated 
with descending longitudinal axon pioneers. B’. slit-UC embryo in which most 
pCC axons have continuing growing ipsilaterally towards descending 
longitudinal axon pioneers (arrows), but in one segment, the pCC axons have 
grown towards the midline and fasciculated (arrowhead). Although the axon 
behavior is similar to wild type, the cell body positioning is irregular and more 
closely resembles robo. C’. robo mutant in which the pCC axons (arrows) have 
	   89	  
crossed the midline (arrowhead) and are growing towards the descending 
pioneer axons. The axons are beginning to form the characteristic circular 
fascicles of the robo mutant. A’’. Wild type embryo in which the pioneer 
longitudinal tracts have continued their growth on either side of the midline but 
do not cross it. B’’. slit-UC mutant in which the longitudinal pioneers, both 
ascending and descending have chosen to cross the CNS midline rather than 
continue growing parallel to the CNS midline. The 1D4 positive fascicles have 
formed the characteristic circles of the robo phenotype. The positioning of cell 
bodies and the size of the circles formed by the pioneers continue to be 
irregular. C’’.  robo mutant in which the circular fascicles created by longitudinal 
pioneers recrossing the midline in every segment are visible. 
 
Figure 8 Partial suppression of the slit CNS phenotype by slit-N 
expression 
The longitudinal tracts of embryos expressing slit transgenes in the indicated 
mutant backgrounds. The 24B-GAL4 driver used expresses in muscle 
precursors that predominantly lie lateral to the developing CNS. A. Stage 17 
wild type control embryo. B. slit-N expression in a robo1 heterozygote. 
Occasional longitudinal breaks are observed (arrow) but the tracts are relatively 
normal. C. slit-N expression in a Dscam1 homozygote showing disruption to the 
medial and lateral longitudinal tracts, including merging of fascicles and breaks 
(arrow). The innermost tract is essentially wild type. D. slit-N expression in a 
wild type background with a waviness to the longitudinal tracts and occasional 
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breaks. E. slit-N expression in a slit heterozygote. Breaks in the lateral tract are 
visible mainly on the left side of the nerve cord (arrow). F. Expression of slit-N 
in a slit mutant induces frequent separation of the fascicles at the CNS midline 
appearing as small circles (arrows; compare to Figure 6F). G. slit mutant 
embryo displaying the characteristic collapse of the tracts onto the CNS 
midline. An occasional separation of the fascicles, which appears as a small 
circle can be seen (arrow), as opposed to a failure of motor neuron bundles to 
leave the CNS (arrows). The motor neurons are easily distinguished by their 
position and the absence of the motor nerve root. H. Quantification of the 
number of circles visible in the abdominal and thoracic segments of the 
genotypes indicated. **p<0.01, Tukey HSD. 
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Figure 7. Analysis of longitudinal pioneer axons in an uncleavable slit 
mutant  




Figure 8. Partial suppression of the slit CNS phenotype by slit-N 
expression 
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Supplemental data 
 
Generation Robo in sensitive Slit (Slit-D) 
To generate a Slit-D molecule, Slit without LRR2 part, base pair encoding Robo 
binding site; several strategies were used to make this molecule. At the first 
step, two pairs of primers were designed to amplify two fragments from slit 
cDNA AF126540 (K. Bland, 2001), first pair of primers amplify the signal 
sequence and LRR1 domains and the second pair amplifies the rest of the 
sequence from LRR3 to the cysteine knot using TOPO kit (Invitrogen). I tried to 
clone these fragments into the pUAST vector but could not get the exact 
deletion that I desired. As an alternative strategy instead of deleting the whole 
LRR2 domain, Primers were designed to amplify slit before and after the Robo 
binding site (LRR2) to generate slit-D via PCR mutagenesis kit (Aligent). 
However, I was not successful enough again because after sequencing we 
found our clone has a deletion extending beyond the desired target. Finally, we 
decided to ask for synthesizing the part of the slit that we want without LRR2 
site with all sequence before and after that, we found two restriction enzymes 
that cut Slit one time KpnI (GGTACC) at the first part before signal sequencing 
which pCDNA has it and gives sticky end; and EcoRV (GATATC) which cut slit 
one time and gave a blunt end. A 1303bp KpnI-EcoRV fragment of Slit without 
LRR2 part, synthesized by the company GenScript, this fragment had been 
inserted in the pUC57, the Kanamycin resistant plasmid. We generated 
pCDNA-slit-D by digesting pCDNA-slit with KpnI and EcoRV enzymes dropping 
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out the 2700 base pairs fragment and inserting the 1303 synthesized fragment 
figure (Figure S.1, S.2). After sequencing the pCDNA-slit-D to make sure about 
fragment and no mutations, we used it as a template for generating pUAST-slit-
D. In order make the UAST-slit-D the pUAST-slit gifted from K. Bland (Brand 
and Perrimon, 1993) was used because it give us the safe and easier way to 
insert the slit-D in 3 steps, two double digestions, (1) KpnI 3’ end and XbaI 
(TCTAGA, sticky end,) 5’ end to drop out slit from pUAST, (2) KpnI 3’ and XbaI 
5’ to take out slit-D from pcDNA, and (3) clone slit-D to the UAST plasmid via 
ligation. PCR amplification and sequencing ensured the correct size and 
direction of insertion. In all cases the integrity of each plasmid was confirmed 
by sequence analysis. Genbank number for DNA sequence is AF126540 (slit). 
Accession numbers for protein sequence is AAD26567 (Slit). 
 
  







	   103	  
Supplemental Figure 1. Expression and purification of baculovirus Slit 
In all experiments High Five cells were transfected with Baculovirus Slit-FL or 
Slit-N, and cultured at 27° C. Culture medium was centrifuged and the 
supernatant concentrated in a centrifugal filter unit. Equal volumes from each 
condition were loaded into an SDS-PAGE gel. Immunoblot analysis was with 
anti-His antibody which detects the 6xHis epitope tag at the carboxy-terminal of 
Slit. A. Full-length Slit was expressed at various Multiplicities Of Infection (MOI 
= ratio of infectious virus particles to cells) using the Bac to Bac HBM 
baculovirus expression system. Immunoblot analysis found MOIs of 2-5 to be 
most effective. B. Full-length Slit was expressed at MOI=2 and harvested at 
different post-infection (PI) times: 24, 48, 72 and 96 hours. 48 and 72 hours PI 
were found to be most effective. C. N-terminal Slit was expressed at different 
MOI with MOI=2 the most productive. D. Slit-FL was further purified over a 
nickel column to bind the 6xHis epitope tag and analyzed by Coomassie Blue 
staining. The full-length Slit fragment (~178 kD) is clearly visible. E. Slit-FL 
purification analyzed on an immunoblot with anti-Slit-N antibody. There is a 
lesser amount of Slit-N, which is presumably purified by dimerization with Slit-
FL as it lacks the carboxy-terminal epitope tag. 
 
  























Figure S 2. 
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Supplemental Figure 2. Slit-D in vitro expression.  
Using 293T cells, transient transfection, A. in this experiment full-length (FL) 
Slit-D (a) is secreted to the media and cleaved to N-terminal (N) and C-terminal 
fragments (b) cell expression, un-cleaved Slit-D. Using Slit anti-body against N-
terminal domain, specifically LRR3, is able to detect the Slit Full length 
molecules and slit N-terminal after cleavage. B. Using COS-7 cells, (a) COS-7 
cells without DNA transfection, (b) transfected via pcDNA-slit-D, expressing 
Slit-D, stained via C555.60D mAb (red) nuclei stained via DAPI (Blue). C. 
carton of making SlitD by deleting LRR2, Robo binding domain, it will go to the 
extracellular processing and cleave to two part from the sixth EGF domain. 























Figure S 3. 
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Supplemental Figure 3. Expression of SlitD in vivo.  
Embryo around stage 16, stained with C555.60D mAb (1:50); using UAS-Gal4 
system, Eng.gal4, to ectopically express protein of interest on the stripes 
Engrailed pattern in the wild type background. (A) Slit-D expression. (B) Slit 
expression (see Kramer et. al., 1999). 
  




















Figure S 4. 
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Supplemental Figure 4.  Dscam and Slit EGF(1-3) co-localization.  
Using COS7 cells. (A. B, C, D) The mixture of slit-EGF(1-3) and dDscam DNA 
construct (1:1) were co-transfected into the COS7 cells, expressing both 
Dscam and Slit-EGF (1-3). B. Stained with anti-Dscam (green) C. Stained with 
anti-Myc (red) D. Stained with both anti-Dscam and anti-Myc, yellow color 




























Figure S 5. 
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Supplemental Figure 5. Physically interaction between Slit-EGF(1-5) and 
Dscam.  
Cell overlay assay, using COS7 cells to express Dscam and EGF(1-5). A. 
Control, cells without DNA transfection were incubated with EGF(1-5) and 
stained with anti-Myc. B. Cell overlay assay: fly Slit-EGF(1-5) protein (red) 
specifically binds to COS7 cells expressing fly Dscam. Nuclei are stained with 
DAPI (blue). C. Diagram of Slit-N protein showing the leucine rich repeats 
(LRR) in red and the epidermal growth factor (EGF) repeats as blue circles. 
The five EGF repeats used to make the N-terminal Myc-tagged construct (Myc-
EGF1-5) are shown.  
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Supplemental Figure 6. Quantification of the muscle 6/7 innervation 
defects 
Quantification of the muscle 6/7 innervation defects expressing as a 
percentage compiled from 10 embryos. Innervation defects in the Slit-D, Slit- 
∆LRRs, are able to bind to the Dscam, is indistinguishable from overexpression 
of Slit-N anad Dscam1 mutant; and statistically different from over-expression 
of Slit-FL and Slit-U and over-expression of Slit-N in a Dscam1 mutant 
background (*** p<0.001 in a Tukey HSD test within a one way ANOVA). 
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Abstract 
 
Dscam is a member of the cell adhesion molecule superfamily, and is an 
important molecule for neural development. Dscam has an evolutionarily 
conserved ability to bind Netrin proteins and is believed to function with an 
unidentified co-receptor. Slit is a canonical repulsive cue during nervous system 
development acting via Robos receptors. In vivo, Slit is proteolytically processed 
into two fragments, Slit-C and Slit-N. In our laboratory we found that Dscam acts 
as a receptor for slit-N but not full-length Slit. Overexpressing Slit-N in muscles 
repels innervating motor neurons. Repulsion is significantly increased when 
Dscam1 is deleted supporting a model in which Dscam1 acts as an attractive 
receptor for Slit-N. Overexpression of Slit-N at the CNS midline in the absence of 
Robo receptors attracts CNS axons to the midline revealing a Slit-N attractive 
function. Midline expression of Slit-D, which lacks the Robo binding site, appears 
to inhibit Dscam function indicating a requirement for Robo receptors for the 
Dscam/Slit-N interaction function. Genetic analysis of axon guidance strongly 
suggests that Dscam does more than neutralize Robo function but also switches 
repulsive signals toward the mild attraction.   
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Introduction 
 
During the development of the nervous system, neural growth cones are guided 
by attractive or repulsive guidance cues to reach their final targets. Through 
interactions with their receptors, the guidance cues stimulate intracellular signals 
that steer the growth cone (Kalil et. al., 2011). Activation of downstream signaling 
pathways can integrate multiple cues, and cross talk or interactions between 
receptors can convert signaling in a number of complex ways (Dudanova and 
Klein, 2013; Chacón and Fazzari, 2011). For example, inhibition of repulsion can 
resemble attraction, but is more accurately termed anti-repulsion (Evans and 
Bashaw, 2010). Inhibition of attractive responses at the receptor level has been 
termed silencing (Stein and Tessier-Lavigne, 2001). Stimulation of growth in 
general can also resemble attraction, while inhibition of motility can resemble 
repulsion.  
 The Down syndrome cell adhesion molecule (Dscam) is a member of the 
immunoglobulin super family, and known as a salient molecule in the developing 
nervous system. Dscam/DSCAM 3  proteins play significant roles in the cell 
migration, dendritic arbitration, axon guidance, and process outgrowth in both 
vertebrates and invertebrates (Agarwala et al., 2001;Wang et. al., 2002; Soba et 
al., 2007; Fuerst et. al., 2008 & 2009; Andrews et. al., 2008; Ly et. al., 2008; Liu 
et. al., 2009; Hutchinson et. al., 2014). Dscam contains 10 immunoglobulin (Ig) 
domains, six Fibronectin type III domains (FN), a transmembrane (TM) domain, 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  Dscam	  “invertebrate	  protein”	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and a cytoplasmic domain with conserved motifs (Agarwala et al., 2001; 
Schmucker et al., 2000; Yamakawa et al., 1998; Brites et al., 2008). Three of 
these Ig domains (Ig2, Ig3, Ig7) are variable with multiple alternatively spliced 
isoforms, and biochemical data showed that stable Dscam-Dscam homo-dimer 
formation requires interaction of three identical variable domains pairing Ig2-Ig2, 
Ig3-Ig3, and Ig7-Ig7 (Wojtowicz et. al. 2004; Wojtowicz et. al., 2007). The 
combinatorial alternative splicing of these Ig-domains, transmembrane and 
endodomain in Drosophila results in over 152,064 isoforms of Dscam receptors 
that have detectable roles in either axon guidance or axon branching (Yu et. al., 
2009; Huang et. al., 2011). Isoform diversity is also required in dendritic 
development (Hughes/Matthews/Soba all 2007; Grueber 2011; Hutchinson et al. 
2014). 
 During fly embryonic nervous system development, Dscam is required to 
promote the axon guidance of Bolwig’s nerve of the larval visual system and for 
the integrity of longitudinal axons in the CNS (Schmucker et. al., 2000; Andrews 
et. al., 2008; Hattori et al., 2007). As well as roles in preventing dendrite overlap, 
Dscam functions later in development in the sorting and migration of the primary 
axons of mushroom body neurons (Wang et. al., 2004; Zhan, et. al., 2004, 
reviewed in Schmucker and Chen, 2008). In other species such as flatworms and 
zebrafish, reducing Dscam activity leads to disturbances of cell migration, axon 
outgrowth, and fasciculation (Yimlamai et al., 2005; Fusaoka et al., 2006). 
 Although alternative splicing of the Dscam gene allows encoding of more 
than 150,000 distinct protein isoforms, minimal alternative splicing occurs in the 
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three other Drosophila Dscam genes and in the vertebrate Dscam genes 
(Yamakawa et al., 1998; Agarwala et al., 2001; Crayton et al., 2006; Schramm et 
al. 2012). The absence of alternative splicing and the evolutionary conservation 
of these molecules signify that Dscam has an important diversity independent 
function in axon guidance and growth (Chen et al. 2006; Hattori et al., 2007). In 
this thesis, I presented substantial evidence that supports a role for Dscam as a 
ligand dependent attractive receptor. 
 In the Drosophila Central Nervous System (CNS), axons are attracted to 
the CNS midline by secreted proteins called Netrins. There are two fly Netrin 
genes (NetA and NetB) and in double mutants (NetAB) a noticeable number of 
axons still cross. This is evidence for an unidentified ligand, which mediates 
attraction to the midline in parallel to the Netrin attractive activity (Hummel et. al., 
1999; Brankatschk and Dickson, 2006; Andrews et. al., 2008). In vertebrates, the 
existence of an additional ligand or co-receptor for Netrin/DCC interaction was 
inferred by observing that some DCC positive axons did not respond in the 
presence of Netrin (Keino-Masu et al., 1996). In addition, it was shown that 
Dscam is requiring for commissural axon projection by collaborating with DCC to 
turn commissural axons towards Netrin1 sources (Ly et. al., 2008; Liu et al 2009). 
These findings have been questioned by findings with a Dscam knockout mouse 
in which axonal responses to Netrin were unchanged (Palmesino et al. 2012). In 
flies, overexpressing Dscam1 leads to an increase in the level of midline crossing 
suggesting that Dscam can act as an attractive receptor (Andrews et. al. 2008).  
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 Fly Dscam1 and vertebrate Dscam are able to bind to both vertebrate and 
invertebrate Netrin proteins (Ly et. al., 2008; Andrews et. al., 2008; Liu et. al., 
2009). In vertebrate models, biochemical studies showed that Netrin1 binds to a 
region within Ig7 to Ig9 (Ly et. al., 2008). Our unpublished results with the fly 
protein show that Dscam1 interacts with NetrinB by the Ig7-8 domains, most 
likely Ig8, which is compatible with the vertebrate model (Minmin Song, see 
Chapter 2).  
 Despite the evolutionarily conserved physical interaction between Dscam 
and Netrin, direct evidence for Netrin/Dscam attractive signaling is weak except 
for the analysis for Bolwig's nerve in flies. Genetics analysis argues that Dscam 
mostly acts independently from Netrin. Andrews et. al (2008) reported an 
increased level of ectopic midline crossing by Dscam overexpression, which was 
not suppressed by removing Netrin function, arguing that midline attraction is 
Netrin-independent. In addition, analysis of mice Dscam null mutant showed that 
Dscam is not needed for Netrin-dependent midline attraction (Palmesino et al., 
2012). Nevertheless, Dscam shows an ability to modulate Netrin signaling in 
several contexts (Purohit et al., 2012; Huang et al., 2015). These observations 
question whether Netrin/Dscam signaling is attractive or has some other output, 
and suggests that Dscam interacts with another ligand. 
 We found that over-expression of a single isoform of Dscam in the Dscam 
fra double mutant background promotes axon crossing and rescues the mutant 
phenotype of both commissural and longitudinal axons. The ability of Dscam to 
rescue the fra mutant phenotype supports an attractive receptor function for 
	   133	  
Dscam. We identified a physical interaction between Dscam and Slit, we 
observed Dscam is able to only bind to the N-terminal part of Slit, (precisely a 
region consisting of the EGF1 to EGF3 domains) and conversely Slit binds to at 
least two regions between Ig1 to Ig5 domains of Dscam1 (see Chapter 2). We 
hypothesize that Dscam’s attractive function in flies happens through two distinct 
molecular mechanisms; a Dscam/Slit-N interaction detailed in this thesis and 
requiring Robo as a co-receptor, leading to a switch of repulsion to either 
attraction or suppression of attraction, and a Dscam/Netrin interaction in the 
presence of an unidentified co-receptor. Expression of Dscam lacking the 
cytoplasmic domain in the CNS strongly disrupts both longitudinal and 
commissural axon guidance (see Chapter 2). However, Robo protein is present 
only in longitudinals so an additional co-receptor is presumed to be acting in 
commissural axon guidance. 
 In our laboratory, we were able to recognize that Dscam forms a Slit 
dependent complex through Robo receptor(s) biochemically; and our in vivo 
results confirmed the biological function of this complex in the longitudinal axons, 
specially outermost and innermost longitudinal fascicles. Expression of a slit 
construct lacking the Robo binding site (slit-D) in muscles resulted in only a low 
level of innervation defects by motor neurons. Comparison of slit-D defects with 
the slit-N and slit-UC over-expression in muscles supported the hypothesis that 
Dscam1 is interpreting Slit-N as an attractive guidance cue through Robo 
binding.  
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 Axon guidance molecules are typically expressed in discrete locations. For 
example, in the CNS Netrins and Slit are primarily produced by cells at the 
midline. Over-expression of localized guidance cues typically confuses growing 
axons. Pan-neuronal expression of NetA or NetB creates a NetAB like phenotype 
(Mitchell et al., 1996; Harris et al., 1996). This has been described as the “level 
playing field effect” as the Netrins are presumed to be evenly distributed and 
demonstrates the importance of positional information. Pan-neuronal over-
expression of slit-FL produces a robo like phenotype by a similar mechanism 
(Kidd et al, 1999). If a ligand fails to produce a mutant phenotype by this 
approach, it is deemed to have a non-directional function. Pan-neuronal 
expression of NetB surprisingly rescues NetAB mutants and this is attributed to a 
neurotrophic function of NetB (Newquist et. al., 2013). Lateral expression of slit in 
embryos with diminished slit/robo signaling rescues longitudinal axon guidance in 
a manner inconsistent with repulsion as the longitudinal axons grow towards and 
over the source of ectopic Slit (Hiramoto and Hiromi, 2006). Interestingly, Dscam 
has been shown to trigger signaling through tyrosine kinase pathways consistent 
with non-directional functions such as survival (Sterne et al., 2015).   
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Results 
 
Single Dscam1 Isoform Rescue of Embryonic CNS Defects 
Dscam1 encodes more than 152,000 isoforms (Yu et al. 2009). Therefore, we 
hypothesized that Dscam acting as an attractive receptor, would be independent 
from Dscam's diversity related functions (that rely on the ability to produce 
multiple protein isoforms through alternative splicing). In the embryonic CNS, 
mutation of Dscam1 alone leads to a very mild phenotype, especially in the 
commissural axons, very close to the wild-type scaffold pattern. In the 
longitudinal axons some breaks occur in the outermost fascicle, and the 
innermost fascicles became slightly wavy; overall the longitudinal pattern has a 
mild phenotype. Although Dscam1 mutants have very mild effects on the CNS 
pattern, it is required to form a normal CNS axon scaffold by cooperating with the 
Netrin receptor frazzled (fra/DCC/UNC-40) (Andrews et. al., 2008). A strongly 
disrupted axon scaffold pattern is observed in Dscam1 fra double mutants. We 
hypothesized that if Dscam1 had a bona fide receptor function, then attempting 
to rescue the Dscam1 fra mutant phenotype with a single isoform might be 
successful. We used two isoforms of Dscam1, one that preferentially targets 
dendrites, and the other axons (Shi et. al., 2007). We employed the early acting 
pan-neuronal scratch (scrt) promoter (Labrador, O'Keefe et al. 2005). We 
observed that both Dscam1 transgenes independently rescued the Dscam1 fra 
phenotype when expressed under control of the scrt promoter (Figure 1 and 
Figure 2). The level of rescue is very high and statistically there is no difference 
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between the wild-type scaffold pattern and the embryos rescued with different 
Dscam1 isoforms (Table 1, Table 2). The Dscam1 fra genotype is statistically 
different from all other genotypes (p<0.01; Tukey HSD test) (Table 2). However 
closer examination of the rescued nervous systems reveals very subtle thinning 
of the commissures (Table 1); inclusion of these defects does not change the 
statistical significance of the rescue.  
 Interestingly, none of the characteristic defects of fra mutants were 
observed in the rescued embryos, implying that Dscam1 is not only able to 
rescue the Dscam1 phenotype, but also rescues fra, a stereotypical attractive 
receptor. This assay result suggests that Dscam1 has an attractive receptor 
function that is independent of Dscam1’s isoform diversity. 
 
Dscam1 functionally antagonizes robo 
To further understand the role of Dscam1 as a Slit receptor, we made double 
mutants for Dscam1 and robo. In robo mutants, the pCC longitudinal pioneer 
axon inappropriately crosses the midline with a very high degree of expressivity 
(Kidd and Russell et. al., 1998). Dscam1 robo mutants show a partial 
suppression of this phenotype indicating that Dscam1 antagonizes robo. In stage 
13 Dscam1 robo embryos, many segments display a phenotype in which one 
pCC axon crosses the midline, but the contralateral homologue does not (Figure 
3D, D’). In robo mutants, pCC axons normally meet and fasciculate at the 
midline, before continuing on to the opposite side of the embryo (Figure 3C, C’). 
In Dscam1 robo double mutants, the pCC axons frequently meet away from the 
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midline and the axon whose cell body is closest to the meeting point alters its 
trajectory so as not to cross the midline. This is a novel phenotype, not seen in 
robo or Dscam1 mutants (the latter has a wild type pCC phenotype) and is most 
apparent in early stage 13 embryos (Figure 3D). The axon behavior creates a 
characteristic asymmetric appearance, which is in contrast to robo mutants (and 
wild type embryos) in which pCC axons extend in a uniform and symmetric 
manner. Our interpretation of the Dscam1 robo double mutants phenotype is that 
pCC axons have a reduced propensity to approach or cross the midline, and 
those that fail to approach the midline end up fasciculating with the contralateral 
homologue and project ipsilaterally. A similar result was obtained in fra robo 
double mutants (Garbe and Bashaw, 2007), again highlighting the parallels 
between the activities of Dscam1 and fra and further suggesting that Dscam1 is 
an attractive receptor. 
 
Longitudinal defects from muscle expression of different slit transgenes 
Slit is a strong repellent and this repulsion happens through its interaction with 
Robo receptor. The repulsion activity of Slit generally masks its other activities 
(see Chapter 2), but there is evidence for non-repellent functions of Slit outside 
the nervous system (Wang et. al., 1999; Kramer et. al., 2001; Englund et. al., 
2002; Whitford et. al., 2002; De Bellard et. al., 2003). When we over-expressed 
slit transgenes in body wall muscles, we were assaying the motor neuron 
phenotype, but noticed dramatic errors in longitudinal axon guidance. As the 
24B-GAL4 promoter we used expresses at a very early stage in muscle 
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development, we investigated these results further. During gastrulation, the 
presumptive mesoderm cells invaginate and end up lying over the neurectoderm 
(Leptin, 1991; Reuter and Leptin, 1994), before migrating laterally in response to 
Slit (Kramer et al., 2002). The muscle precursors are therefore in physical 
contact with the developing CNS and many remain nearby. Consequently, 
ligands that are produced by the muscle precursors would be expected to have 
an effect on the CNS pattern. Expression of ligands would essentially be un-
localized early as the precursors lie on top of the CNS, and later expression 
would be from the sides of the CNS. Un-localized expression of Netrins and slit 
using a pan-neural promoter revealed the importance of the normal discrete 
expression sites by generating axon guidance phenotypes that resemble the 
mutant phenotype (Mitchell et al., 1996; Harris et al., 1996; Kidd et. al., 1999). In 
contrast very discrete lateral expression of slit in embryos with diminished 
slit/robo signaling rescues longitudinal axon guidance in a manner inconsistent 
with repulsion as the longitudinal axons grow towards and over the source of 
ectopic slit (Hiramoto and Hiromi, 2006). Recently in our lab we observed that 
loss of Dscam1 enhances the slit-N repulsion phenotype. We noticed muscle 
expression of slit-N disrupted guidance of the outmost longitudinal fascicles as 
well as inducing waviness in the innermost fascicles (Figure 4B), similar to the 
Dscam1 mutant phenotype (Hattori et al., 2007). Based on the evidence 
presented in chapter 2, Slit-N opposes the repellent function of Slit-FL, either 
through attraction, silencing, or anti-repulsion and this activity is mediated 
through Dscam. Slit-N may therefore be blocking Dscam1 function in longitudinal 
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axons based on the strong similarity of phenotypes. Lateral positioning as 
measured by increased waviness of longitudinal fascicles is also affected, but to 
a lesser extent. This result suggests that the localized midline expression of Slit-
N (generated by cleavage of Slit-FL) is critical to its function. 
 We saw a very similar phenotype with muscle over-expression of slit-D, 
the construct that generates a protein unable to interact with Robo. The similarity 
to the Dscam1 mutant longitudinal pattern suggests that Slit-D is binding to 
Dscam and blocking its activity (Figure 4C). We believe that although muscle 
expression of slit-N and slit-D generate similar phenotypes, they are doing so in 
opposite ways with the former activating Dscam1 inappropriately and the latter 
blocking its activity. This could be tested in the future with the development of 
reporters such as activated Pak. 
 In contrast to the above results, Slit-FL dramatically increased the 
waviness of the longitudinal fascicles (Figure 4D,E), and tremendously disrupted 
the longitudinal pathway, consistent with interference with lateral positioning by 
robo molecules (Simpson et al., 2000; Rajagopalan et al. 2000; Spitzwerk et al, 
2010, Evans et al., 2010). Interestingly, we observed either very little ectopic 
midline crossing or a collapse of the innermost fascicles into the midline, and 
unexpectedly extra fascicles were born in the midline. This observation suggests 
that Slit emanating from the laterally positioned muscle precursors is not present 
at high enough levels in the CNS to disrupt midline crossing although it is enough 
to make a noticeable change in the pattern of longitudinal axons. We conclude 
that the positional information created by localized expression of Slit-N is 
	   140	  
important for its function in longitudinal axon guidance, and that the ability of Slit-
FL to interact with Robo receptors independently of Dscam1 allows it to induce 
stronger phenotypes. 
 
Slit-N midline overexpression in the different level of Robo receptor  
The robo mutant itself has a distinct phenotype in which inappropriate crossing 
and recrossing of the CNS midline generates a characteristic appearance of the 
axon scaffold (Kidd et. al., 1998). The Robo receptor plays a dominant role in 
regulating midline crossing, with Robo2 and Robo3 preventing axons from 
lingering at the midline. We hypothesized that additional, possibly attractive 
functions of slit might be revealed by over-expressing slit-N in robo mutants. The 
single-minded (sim) promoter, which drives expression in the midline glia 
(Nambu et. al., 1991), was employed to express slit-N in the midline, in the 
absence of one or both copies of robo. Previously in our laboratory, 
overexpression of slit in the midline of robo-/- animal promotes increased midline 
attraction, “cinched roundabouts,” significant numbers of longitudinal axons come 
to the midline and collapse there (Adam Bousum thesis). Midline over-expression 
of slit-N in robo-/- mutants (robo-/-,sim ::slit-N) increased axon attraction to the 
midline, leading to axon collapse onto the midline resembling that seen in slit 
mutants, consistent with an attractive role for Slit-N. The longitudinal tracts were 
severely disrupted collapsing onto the midline and longitudinal axons become 
very thin between segments. Over-expression of slit-N in robo-/+ heterozygotes 
resulted in thinner longitudinal axons, in a manner greater than that of robo 
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mutants. Commissural axons also became thicker. Over-expression of slit-D and 
slit-DLRR4 in the robo mutant background had no effect on the axon scaffold. 
The most important aspect of this experiment is the significant different between 
expressing slit-FL and slit-N in robo mutant backgrounds, as over-expression of 
full length slit either has no effect or increases midline repulsion (Onel et al., 
2004), not midline attraction as seen for Slit-N. This observation supports the 
hypothesis that Slit-N has dual functions, triggering repulsion through interaction 
with Robo and attraction by interacting with Dscam1 and other Robo proteins. As 
robo is absent in the experiment, Slit-N is likely acting through a Dscam-Slit-
Robo2 complex (see Chapter 2).  
 
Independent Muscle forming and attachment from Dscam and Robo 
dosage 
Dscam1 is present at longitudinal muscle attachment sites, MASs, including 
those for muscles 6, 7, 12, and 13 (Kidd laboratory, unpublished data). Robo and 
Robo2 are expressed by the longitudinal muscle and coexpressed with Slit at the 
subset of MASs (Kramer et al., 2001). Slit appears to act as an attractant for 
migrating muscles, although this view has been challenged (Ordan et al., 2015). 
As Dscam1-Slit-N-Robo complexes appear to be mediating a non-repellent 
function of Slit-N, and mis-expression of slit transgenes appeared to perturb 
muscle guidance occasionally, we wished to examine the roles of Dscam1 and 
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robo in muscle guidance. Functional overlap between robo and robo2 means that 
muscle guidance defects are only revealed in double mutants (Kramer et al., 
2001). We chose to examine Dscam1 robo double mutants for muscle 
phenotypes. Surprisingly, we observed Dscam1 robo double mutant and Dscam1 
mutant muscle patterns very similar to the wild type. The simplest explanation is 
that Dscam1 does not play a role in muscle guidance or that Dscam1 does not 
genetically interact with robo in this system. A more likely possibility given the 
specific expression pattern of Dscam1 is functional overlap with other molecules 
prevents phenotypes from being observed. Not only are there additional Dscam 
and Robo proteins localized to muscle attachment sites, but additional proteins 
form complexes with Robo (Wayburn and Volk, 2009).   
	   143	  
Discussion 
 
We have provided genetic evidence for the Dscam1 interdependent attractive 
function as a receptor for Slit-N in the presence of Robo(s). Several lines of 
evidence support the hypothesis that the Dscam1-Slit-N-Robo complex is 
mediating an attractive function. The first is the parallels between the activities of 
the canonical attractive receptor for Netrin, frazzled and Dscam1. Pan-neuronal 
expression of Dscam1 rescues both the Dscam1 and fra defects of a Dscam1 fra 
double mutant indicating that Dscam1 can substitute for fra function.  
 The second piece of evidence is our previous observation that the 
repulsive activity of Slit-N is enhanced by deleting Dscam1 demonstrating that 
Dscam1 counteracts repulsive signaling in vivo (Chapter 2). Previously in our 
laboratory we recognized that Dscam1 physically interacts with Slit (Slit-N) and 
observed different levels of repulsion of motor neurons by overexpressing slit-N 
and slit-FL. The technical challenge in demonstrating a non-repellent function for 
Slit-N is the ability of Slit-N to bind Robos and repel axons (Battye et al., 2001; 
Nguyen Ba-Charvet et al., 2001), thereby masking other activities. Genetic 
deletion of Dscam1 increases the repellent activity of Slit-N to that of Slit-FL, 
indicating that Dscam1 is neutralizing the repulsive activity of Slit-N that supports 
the attractive function of Dscam. In addition muscle expression of slit-N and slit-D 
produces very similar mutant phenotypes, although Slit-D is probably neutralizing 
Dscam1 activity whereas Slit-N is likely both attracting and repeling axons 
depending on the number of Robo and Dscam1 receptors present. Development 
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of reagents to assay downstream signaling molecules such as phosphorylated 
Pak or Abl (Schmucker et al., 2000; Sterne et al., 2015) would allow these 
possibilities to be tested.  
 In vertebrates, Robo3/Rig-1 antagonizes Robo1/2 function by what 
appears to be a neutralization mechanism, although this is not fully understood in 
vertebrates (Sabatier et al., 2004; Chen et al., 2008). Dscam1 does not appear to 
be neutralizing Robo, supporting the hypothesis that it is an attractive receptor. 
There are two pieces of evidence, the first that Dscam1 is not simply neutralizing 
robo, but functionally antagonizing the effect of robo mutations on guidance of 
the pCC axon. The results with pCC further argue that Dscam1 appears to be 
actively required for attraction to the CNS midline. Related to our observations, 
Garbe and Bashaw at 2007 identified fra robo double mutants as having a partial 
suppression of midline crossing (including the pCC axon). The second piece of 
genetic evidence is the increased severity of the longitudinal axon scaffold 
phenotype (as observed in Dscam1 robo double mutants in Chapter 2). If 
Dscam1 was simply neutralizing robo, then the double mutant should resemble 
robo single mutants rather than increasing the severity of the longitudinal axon 
phenotype. A similar example is the Commissureless protein, which regulates 
Robo, comm robo double mutants. Garbe and Bashaw also reported that the 
longitudinal axons of fra robo double mutants display some bundles crossing the 
midline as is seen for Dscam robo double mutants although this appears additive 
rather than synergistic as seen for Dscam1 robo. We conclude from our double 
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mutant analysis that Dscam1 is actively signaling rather than simply blocking 
Robo function.  
 The fourth piece of evidence shows that Dscam1 is able to form an 
attractive complex only with Slit-N and this does not depend on the presence of 
Robo. We have only observed evidence for a non-repellent function with slit-N 
and not slit-FL in both CNS and muscle over-expression assays. The phenotypes 
are clearly modulated by robo mutations (heterozygous and homozygous) 
supporting a mandatory role for Robo receptors in the attractive function of 
Dscam1, at least in the embryonic nervous system. The role of Robo receptors is 
further supported by our experiments with slit-D and slit-∆LRRs. Our data 
supports a model in Dscam1 via Slit-N switches Robo repulsive signaling to an 
attractive or alternative function. Dscam intermediates Slit-N attractive function 
via switching Robo repulsion signaling to the attraction. 
 Surprisingly, we observed that altering the level or shape of the Slit 
gradient by lateral expression rather than increasing expression from midline glial 
cells affects the lateral position of longitudinal tracts in quite striking patterns. Slit-
FL had the strongest effect consistent with previous observations of the role of 
Slit in lateral positioning and midline crossing. However, slit-N and slit-D had 
different and milder patterns consistent with activation or interference with 
Dscam1 signaling. Our data supports a model in which both Slit/Robo and 
Slit/Robo/Dscam signaling are simultaneously active in longitudinal axon 
guidance with the latter having a strong role in growth between segments. 
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Conclusion 
 
In summary, we believe the non-repulsive or attractive function of Slit-N is 
mediated by the Dscam1 and Robo receptors. Biochemical and genetic evidence 
for the highly specific nature of the complex and a signaling role to suppress 
midline attraction was presented in Chapter 2. In this chapter, I have argued in 
favor of an attractive output of the complex. The ability of Slit-N to both attract 
and repel simultaneously makes analysis challenging. We predict that Dscam-
Netrin signaling will involve a co-receptor and this may be more amenable to 
future genetic analysis.  
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Materials and Methods  
 
DNA constructs 
pCDNA-slit-D were used as a template for generating pUAST-slit-D. In order to 
make the UAST-slit-D the pUAST-slit gifted from K. Bland (Brand and Perrimon, 
1993) was used because it give us the safe and easier way to insert the slit-D in 
3 steps, two double digestions, (1) KpnI 3’ end and XbaI (TCTAGA, sticky end,) 
5’ end to drop out slit from pUAST, (2) KpnI 3’ and XbaI 5’ to take out slit-D from 
pcDNA, and (3) clone slit-D to the UAST plasmid via ligation. PCR amplification 
and sequencing ensured the correct size and direction of insertion. In all cases 
the integrity of each plasmid was confirmed by sequence analysis. Then we send 
it to the Rainbow transgenic flies Inc for injection. Genbank number for DNA 
sequence is AF126540 (slit). 
 
Genetics Stocks  
All Drosophila Stocks are maintained at 25 or 18 degrees. The following UAS 
and GAL4 stocks were used and obtained from the following sources: UAS-
slit.HA.∆LRR, UAS-slitN and UAS-slitFL were gifts from J. Roger Jacobs and G. 
Bashaw lab respectively. UAS-slitD generated in the T. Kidd lab, and 24B-Gal4 
from the Bloomington stock center. The single or double mutants stocks were 
used: Dscam fra; Scratchgal4 from G. Bashaw Lab and UAS-slitU was made 
from slit2/cyo; UAS-slitU, Dscam fra; UAS-Dscam from L. Zipursky Lab, roboz570 
and Dscam1 from C. Goodman lab. Dscam1 Robo doble mutant was made in the 
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T. Kidd Lab. Robo/cyo; 24B-Gal4, Robo/cyo; UAS-slitN, slit2/cyo; UAS-slitN, 
Dscam/Cyo; 24B-Gal4, Dscam/cyo; UAS-slitN, Dscam fra UAS-Dscam /cyo, 
robo/Cyo; sim-GAL4, and robo/Cyo; UAS-slitN all were generated in the T. Kidd 
lab. Wild type flies were used in this study was Oregon R strain; w- not isogenic, 
from the Bloomington Stock Center and W1118 was gifts from P. Miura Lab. 
 
Embryo Immunohistochemistry:  
The BP102, 1D4 (anti-FasII) and βgal were obtained from the Developmental 
Studies Hybridoma Bank, and labeling in this study was performed as described 
in the Patel 1994 and Kidd 1998. Anti-FasII staining was enhanced with 
Vectastain ABC (Vector Labs, Burlingame, CA). Anti-Myosin (FMM5) was 
obtained from Dan Kiehart; Secondary antibodies were obtained from Jackson 
Labs. (J. H. Simpson, 2000). DAB staining has been used to visualize embryos 
directly by bright-field light microscopy.  
 
Statistics 
Statistical analysis was performed on Statistica (Dell Statistica). Tukey test with 
one-way ANOVA test was used to analysis data. pCC axon guidance was 
recorded for individual pCC axons per embryo and analyzed using a Fisher LSD 
within one way ANOVA test.  
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Figure Legends 
 
Figure 1 Single Dscam1 isoform rescues of Dscam1 fra embryonic axon 
guidance defects 
BP102 staining of stage 16 Drosophila embryos to reveal the embryonic CNS. A. 
Wild type embryo displaying the characteristic ladder like pattern of the CNS 
axon scaffold. B. Dscam fra double mutants embryo showing greatly reduced 
and absent commissures (arrows), as well as an overall level of disorganization. 
C. Dscam1 fra embryo expressing UAS-Dscam1 (7-27-25-1) under control of the 
pan-neuronal scrt-GAL4 driver. This variant preferentially targets dendrites, but 
the axon scaffold is directly comparable to wild type. D. Dscam1 fra embryo 
expressing UAS-Dscam1 (1-30-20-2) under control of scrt-GAL4. This variant 
preferentially targets axons and rescues the Dscam1 fra mutant to the same 
degree as the 7-27-25-1 isoform.  
 
Figure 2 Single Dscam1 isoform rescues of Dscam1 fra embryonic 
longitudinal tracts defects 
1D4 staining of stage 17 Drosophila embryos to reveal longitudinal fascicle of 
embryonic CNS. A. Wild type embryo showing the characteristic scaffold pattern 
of the CNS. B. Dscam fra double mutant embryo showing huge disruptions and 
breaking in the longitudinal track and in some part the bridge from segment to 
segment disappeared (arrows), overall the outmost fascicules are extremely 
disrupted. C. Dscam1 fra embryo expressing UAS-Dscam1 (7-27-25-1) under 
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control of the pan-neuronal scrt-GAL4 driver, this isoform specially targets 
dendritic and the longitudinal pattern greatly rescue toward the wild type. D. 
Dscam1 fra embryo expressing UAS-Dscam1 (1-30-20-2), which preferentially 
targets axons, under control of scrt-GAL4, and rescues the Dscam1 fra mutant to 
the same degree as the 7-27-25-1 isoform.  
 
Figure 3 Dscam1 functionally antagonizes robo 
Early (A-D) and mid/late (A’-D’) stage 13 embryos stained with the anti-FasII 
MAb 1D4 to reveal the growth cones (arrows in A-D) and axons (arrows in A’-D’) 
of the pCC longitudinal pioneers. A. A wild type embryo in which the pCC axon is 
projecting anteriorly and away from the midline. A’. A slightly older wild type 
embryo in which the pCC axon is growing over the cell bodies of other labeled 
neurons and fasciculating with descending axons. B, B’. Dscam1P mutant 
embryos have pCC trajectories indistinguishable from wild type. C. A robo4 
mutant in which pCC growth cones have inappropriately grown towards the 
midline and fasciculated (arrowheads) before continuing to the other side of the 
embryo. In one segment is a rare example of a failure of pCC axons to cross the 
midline (asterisk). In the segment above, the pCC axons have projected parallel 
to the midline before turning sharply to cross it. Note the overall symmetry of 
axon projections on either side of the midline. C’. A robo4 embryo in which the 
pCC axons have crossed the midline (arrowhead) and are about to fasciculate 
with descending axons to form the circular patterns for which the mutant is 
named. There is a slight degree of asymmetry (asterisks). D. Dscam1P robo4 
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double mutant in which the pCC axons are meeting on either side of the midline 
(asterisks), as opposed to at the midline (arrowhead). D’. An older Dscam1P 
robo4 embryo in which symmetric pCC projections characteristic of robo mutants 
can be seen (arrowhead) as well as asymmetric projections in which only one 
pCC axon crosses the midline (asterisks). 
 
Figure 4 Longitudinal defects from 24B-GAL4 – slit transgenes indicate that 
Slit is required for longitudinal axon guidance. 
The longitudinal pattern was affected via mis-expression of Slit constructs in the 
muscles. CNS scaffold revealed via 1D4 mAb, stains three longitudinal pathways 
on either side of the midline in this focal plane. A. wild-type longitudinal, there are 
three fascicules in each side of the midline with constant distance (B-C) Mis-
expression of slit-N and slit-D in muscle precursors which migrate laterally away 
from the midline causes breaks in the outmost fascicles, and bending and 
waviness in the innermost fascicules (arrows). (D-E) Mis-expression of Slit-FL 
makes longitudinal axons terrifically misguided, some inner and outer fascicules 
are entirely gone and born in the midline, the distance between each side of 
midline longitudinal is totally disrupted, some longitudinal axons come to the 
middle of midline (arrows show), this observation is totally unusual. It indicates 
further evidence that Slit is required for longitudinal axon guidance. 
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Figure 5 Overexpression of slit-N in a robo mutant background shows 
increase midline crossing.  
Stage 16 embryos were stained with BP102 mAb, which reveals all CNS axons. 
A, B. There is no divergence between sim::UAS-slit-N and the wild-type nerve 
cord. C. robo mutant embryo, low level of repulsion, thicker commissure and 
thinner longitudinal, more crossing to the midline, overall it is expected and 
normal pattern. D. It shows robo/+;sim::UAS-slit-N nerve cord, showing 
noticeably different from wild type and robo mutant CNS phenotypes, lessened 
the number of longitudinal axons from segment to segment, dense commissural 
axons in the midline. E. It has a robo;sim::UAS-slit-N mutant nerve cord, showing 
a very special pattern of commissural and longitudinal axons in the midline. In 
comparison with both wild type and robo mutant, axons come to the midline 
strongly collapsed and highly disrupted longitudinal tracts, more severe than 
robo/+;sim::UAS-slit-N phenotype (arrows shown).  
 
Figure 6 Muscle guidance is unaffected in Dscam Robo double mutants 
Dorsal up and anterior is to the left in each panel. Stage 16 embryos were 
stained with anti-myosin (A-C). The schematic shows muscles 6, 7, 12, and 13 
arrangements and patterns. A. Wild type, muscles 6 and 7 have run parallel to 
each other, normal arrangement. B. Dscam mutant, muscle 6 and 7 formation 
and shape is very similar to the wild type pattern. C. Dscam robo double mutants 
has normal muscle 6 and 7 pattern, completely indistinguishable from wild type.  
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Figure 7 Statistical analysis of a single Dscam isoform overexpression 
The anterior and posterior axons in each segment counted as a normal (look like 
wild type), thin (smaller than normal crossing), very thin (significant reduction in 
crossing) and absent (failure to cross). OregonR is a wild type strain. Dscam fra 
double mutants. The number of segments scored is n. The Dscam1 fra midline 
crossing pattern is statistically different from wild type and Dscam 
overexpressions (p<0.01; Tukey HSD test). 
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Figure 2. Single Dscam1 isoform rescues of Dscam1 fra embryonic 
longitudinal tracts defects. 
  




Figure 3. Dscam1 functionally antagonizes robo 
 
  






















Figure 4. Longitudinal defects from 24B-GAL4 – slit transgenes indicate 
that Slit is required for longitudinal axon guidance. 
  
























Figure 5. Overexpression of slit-N in a robo mutant background shows 
increase midline crossing  





















Figure 6. Muscle guidance is independent from Dscam and Robo dosage 
  





Figure 7. Statistical analysis of a single Dscam isoform overexpression 
  
  
























Figure 7. Statistical analysis of a single Dscam isoform overexpression 
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Notch can suppress NetAB behavioral phenotypes 
 
 
Brief introduction to the Notch gene: 
 
The Notch phenotype was first observed in the wings of the fruit fly (Drosophila 
melanogaster) by John S. Dexter in 1914, and three years later Thomas Hunt 
Morgan identified alleles of the Notch gene (N; Thomas Hunt Morgan, 1917 and, 
1928). Notch is a member of a family of transmembrane proteins, which are 
involved in lateral inhibition during embryogenesis. They are distinguished by 
repeated multiple epidermal growth factor-like (EGF) repeats, and the presence 
of the Notch (DSL) domain. Notch proteins are a group of receptors for the Delta-
Serrate-Lag2 (DSL) ligand family that mediate short-range signaling events, and 
have been shown to affect embryonic neurogenesis and axon guidance, 
(Artavanis-Tsakonas et. al., 1999; Ulla-Maj and Martinez, 2007). When Notch 
and DSL ligands are present on opposing cell surfaces they form a heterodimer 
that affects both cells, most famously in the process of choosing neural cell 
precursors. Additional studies have shown that Notch intercellular signaling plays 
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key roles in guiding dendritic growth and branching as well as a large number of 
diverse cellular differentiation events in multicellular organisms in Drosophila, C. 
elegans and mammals (Berezovska et al., 1999, Sestan et. al., 1999).  
 During formation of the nervous system, repeated units are used as a 
developmental building block in the ventral nerve cord of invertebrates to the 
vertebrate spinal cord. In flies, establishing connections between segments is 
critical to provide a pathway for longitudinal axons. Intersegment longitudinal 
axons are established by four interneurons, pCC, MP1, dMP2, and vMP2 
(Jacobs and Goodman, 1989a; Jacobs and Goodman, 1989b; Hidalgo and 
Brand, 1997). Genetic evidence in Drosophila demonstrates that Notch-Delta 
signaling (receptor-ligand) is involved in forming the intersegmental portion of 
longitudinal pathways, and inactivating Notch prevents the precise formation of 
longitudinal tracts (Giniger et al., 1993; Giniger, 1998). Temperature sensitive 
alleles of Notchts and Deltats produce phenotypes in the longitudinal pioneer 
axons at the restrictive temperature, notably failure to make correct axonal 
contacts and axon stalling (Kuzina et. al., 2011). In addition to the carefully timed 
temperature shifts required to generate axonal and not neuronal differentiation 
phenotypes, Crowner et. al., 2003 reported that expressivity of Notch phenotypes 
was modulated by the timing suggesting that Notch function can be exquisitely 
modulated by combinations of temperature and the timing of temperature shifts. 
In this study, we present evidence that even at the permissive temperature, the 
Nts allele can have subtly reduced function. 
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  Mutations in frazzled (fra/Unc-40/DCC) and Netrin are famous for midline 
crossing defects, but also disrupt the longitudinal tracts between segments in 
part due to interactions with the Notch pathway (Giniger et. al., 1993; Hiramoto et 
al., 2000; Kuzina et. al., 2011).  
During this research, I wished to test the hypothesis that Notch and the fly 
Netrin genes (NetAB) would genetically interact in both neuroanatomical and 
behavioral phenotypes, so I generated a Notchts1 NetAB double mutant fly using 
recombination (Nts1 is a widely used temperature sensitive allele).  
Previous work in the Kidd laboratory deduced the presence of a mutation 
on the distal part of the NetAB chromosome that enhanced viability (Newquist 
thesis, 2011). Attempts to remove this region by recombination were challenging 
and genetic evidence suggested that the modifier was located near the white 
locus. Notch is tightly linked to white. We hypothesized that an enhancer 
mutation in Notch is affecting a specific aspect of neural development. The Kidd 
laboratory had recently demonstrated that NetB is a neurotrophic factor, and 
Notch is known to modulate apoptosis in neurons (Ye and Fortini, 1999; Lundell 
et. al., 2003) In addition, Notch has a role as an axon guidance molecule using 
non-canonical signaling (Gall et al., 2008) making it a candidate worth testing. 
During the course of these experiments, a paper generated a Notch-NetAB 
mutant and found that it enhanced NetAB phenotypes, so this work was 
discontinued (Kuzina et. al., 2011). Nevertheless, I discovered that Notch 
suppresses some of the adult behavioral defects of NetAB mutants, indicating 
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that genetic interactions of Notch and NetAB exist outside of development of the 
embryonic nervous system.  
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Materials and Methods: 
 
To generate recombinants, females heterozygous for Nts1 and NetAB were made 
at the permissive temperature to ensure the desired recombinants were 
recovered. Male progeny were examined for NetAB phenotypes of 
uncoordination and wing posture defects. The males were mated to the FM7 
balancer and after establishing a stock; hemizygous offspring were tested for 
temperature sensitivity to detect the presence of the Notch allele. They were 
healthy at 18˚C, viable at 25˚C and dead at 29˚C. A separate incubator was used 
to provide the permissive temperature (18˚C) and during the carefully timed egg 
lays offspring were shifted to the restrictive temperature (29˚C) in a dedicated 
incubator. Shifts were performed so as to allow the early rounds of neurogenesis 
to proceed normally but to disrupt axon guidance. Timing was based on prior 
data on rates of development, and then altered empirically. Typically, embryos 
were collected for 3 hours at 18°C, aged 6 hours at 18°C, shifted to restrictive 
temperature (29°C) for 6 hours and fixed (Kuzina et. al., 2011). 
The presence of the NetAB deletion was confirmed with specific PCR 
primers that bridged the deletion region. To determine whether presence of 
Notch can enhance or rescue the lower level of NetAB flies activity, we used a 
locomotion assay: by measuring the amount of time spent walking around a vial 
out of 45 seconds after a mechanical tapping (Newquist et al, 2013). In addition, 
embryos from different temperatures in the predetermined time shift (18˚C, 23˚C, 
and 33˚C) were collected (following Presente et. al., 2004). 
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Genetics. All Drosophila Stocks were maintained at 25˚C or 18˚C. The 
stocks that were obtained and used in this study are: NetABΔGN/FM7actin-lacZ, 
(Newquist et al., 2013). Wild type stocks, Oregon R strain, w- not isogenic, and y 
Nts1 g/C(1)DX y f, both provided from the Bloomington Stock Center.  
Negative geotaxis. The geotaxis assay that I employed is a modification of 
the Kidd Laboratory protocol (Newquist et al. 2013). 1-2 day old flies were placed 
individually in a graduated vial, flies were mechanically pushed to the bottom of 
the vials by jolting, and their upward walking distance was recorded for 1min, 
pushing them back down each time a fly neared the top of the vial. I used 10 
male flies and each one was tested three times with a 1-minute rest between. 
Statistical analysis was performed using a Tukey HSD within a one-way ANOVA 
(Kidd Laboratory protocol). 
Locomotive activity. This assay was modeled from Jordan et. al., 2007, 
and Newquist’s dissertation, 2011. Briefly, newborn male flies of each genotype 
(Oregon R, NotchtsNetAB, NetAB) were collected on the day of birth and 
separately placed in fly vials with fly food in the bottom. Then, the next day, 
between the hours of 10am and noon, locomotive activity for each fly was 
measured by recording the number of seconds out of the 45secs that the fly 
spent walking around a vial, after each tapping. The experiment was done blind 
to the genotype during recording. Statistical analysis was performed using a 
Tukey HSD test within a one-way ANOVA in Statistica.  
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Conclusion and Result: 
 
In addition to its classical role in lateral inhibition, Notch has emerging roles in 
neuronal connectivity (reviewed in Giniger, 2011). Intriguingly, forced expression 
of Notch inhibits commissural axon outgrowth (Shi et al., 2011), suggesting that a 
loss of Notch activity could promote growth that might compensate for a lack of 
Netrin signaling. Notch plays roles in neuronal differentiation and survival that 
could also suppress NetAB defects (Teodorczyk and Schmidt, 2015). In order to 
study the effect of reducing Notch activity on the NetAB mutant phenotype, we 
collected embryos from Notchts NetAB mutants at three different temperatures, 
18˚C, 23˚C, and 33˚C. We performed BP102 staining to study the CNS axon 
scaffold in all three groups of embryos. The observed phenotypes appeared to 
be additive combinations of NetAB and Notch mutant CNS phenotypes. There 
was no obvious suppression of the NetAB phenotype and we chose to 
discontinue the project. In parallel we carried out behavior assays, specifically 
measuring adult locomotion (Table 4.1) and negative geotaxis (Table 4.2), to 
determine whether reducing activity of the Notch signaling pathway is able to 
rescue NetAB phenotype.  
Our preliminary analysis showed a mild suppression of the locomotion 
defects in both assays and increased activity in NetAB flies, at 18˚C. The 
suppression occurred at the permissive temperature in which Notch activity 
should be unaffected, suggesting either a subtle alteration to Notch activity or 
that the change in the temperature sensitive allele (Heitzler et al. 1996) 
	   178	  
specifically interacts with the Netrin signaling pathway. This observation suggests 
that reduced Notch signaling can suppress the NetAB mutant defects. This is in 
contrast to our results studying the embryonic nerve cord where no genetic 
interaction was seen. As the role of NetAB in adult nervous system formation is 
poorly characterized, understanding the observed genetic interaction may be an 
ambitious undertaking. In summary, our preliminary observations can support 
this hypothesis that Notch signaling antagonizes NetAB neuronal survival 
functions in adult functions.  
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Figure legends 
 
Figure 4.1. Locomotor assay 
Notchts1 increases NetAB locomotive activity at 18C, permissive temperature. 
Average of seconds spent moving out of 45 seconds following a mechanical 
disturbance recorded for each fly line. The NetAB and Notchts1 NetAB (*) lines 
are statistically different (p = 0.01, Tukey HSD within a one-way ANOVA) 
whereas the Notchts1 NetAB and Oregon R control were not. 
 
Figure 4.2. Geotaxis assay 
Notchts1 rescued the NetAB mutant negative geotaxis, at 18C, permissive 
temperature. Average distance climbed per 45 seconds, after tapped to the 
bottom of the graduated tube, out of the three times tests for each fly. Negative 
geotaxis remarkably increased in the Notchts1 NetAB line compared to the 
NetrinAB flies (*, p=0.01, Tukey HSD test within a one-way ANOVA). N=10 in all 
fly line (OreR, NetAB, and Notchts NetAB), and each fly individually tested three 
times with 1 min resting between each test.  
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Summary and Conclusion 
 
This study explores the ability of Slit to serve as an attractive cue mediated by 
Dscam1 in navigating axons. Slit is recognized as a canonical repulsive cue in 
regulating nerve and blood vessel patterning via Robo receptors, but prior work 
had also suggested attractive functions in other tissues and contexts (Wang et 
al., 1999; Kramer et al., 2001; Englund et al., 2002; Whitford et al., 2002; De 
Bellard et al., 2003). In this thesis, I attempted to contribute to the emerging 
dataset documenting the interactions of multiple receptors and ligands together 
to generate different and novel outputs.  
 Previous evidence in flies showed Dscam function to be 
both Netrin-dependent and -independent. Multiple lines of evidence point to an 
unknown ligand that mediates attraction to the midline in parallel to the well-
known Netrin attraction function. Identification of in vivo and in vitro genetic and 
physical interactions between Slit and Dscam1 in our laboratory, as well as our 
observation of increased midline attraction by overexpressing slit in the robo 
mutant background led us to the hypothesis that Dscam1 can interpret Slit as an 
attractive cue in parallel to Slit/Robo's repulsive effect.  
	   186	  
 Previous genetic analysis of slit suggested that deletion of the epidermal 
growth factor (EGF) domains enhances the repulsive function of slit, although 
this was interpreted as disorganization in the paper (Battye et al., 2001). This 
evidence led us to identifying the Dscam1 binding domain on Slit using 
immunoprecipitation assays, finding that Dscam1 specifically binds to the Slit 
EGF (1-3) domains, which are distinct from the Robo binding site, the LRR2 
domain. Direct competition for Slit between Robo and Dscam1 was therefore 
ruled out as a mechanism. 
 Previous data had suggested that Slit has attractive functions, so we 
decided to test the hypothesis that Dscam1 acts as an attractive receptor for Slit, 
using in vivo genetic analysis. We had previously observed an increase in the 
level of midline crossing defects in fra mutants by also deleting Dscam1, 
supporting a role in attraction to the midline. Overexpression of a single isoform 
of Dscam1, pan-neuronally, increases midline crossing in wild type animals and 
rescues the dramatic disruption of commissural and longitudinal axons in Dscam 
fra double mutants. In this study we used two completely different Dscam 
isoforms (Shi et al., 2007), and both rescued equally well supporting an attractive 
receptor function for Dscam1, independent of isoform diversity (Chapter 3).  
 Previous data from vertebrates demonstrated that Slit-N is involved in 
axon branching (Wang et. al., 1999), and that Slit-FL has an opposite effect 
(Nguyen Ba-Charvet et al., 2001). We employed a motor neuron assay to study 
the function of Slit-N in flies and were successfully able to show differential 
effects of Slit-FL and Slit-N. The motor neuron assay is used to determine the 
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attraction or repulsion functions of a particular protein. Slit-FL repels 70% of 
motor neurons when expressed in muscles. Mis-expression of Slit-N also repels 
motor neurons but at a much lower level than Slit-FL. Removal of Dscam1 
activity restores repulsion to Slit-FL levels. We conclude that Slit-N does have 
another function, most likely mild attraction in parallel to its repulsive activity, 
which is mediated by Dscam1 (Chapter 2). The ability of Slit-N to repel axons 
made identifying this activity especially challenging.  
 Since the Slit/Robo repulsive function always seems to be present, we 
decided to inhibit repulsion by deletion of Leucine rich repeat 2 (LRR2), the Robo 
binding site in Slit, in the hope of revealing the nature of Slit-N signaling through 
Dscam1. An immunoprecipitation assay confirmed the ability of the LRR2 
deletion construct (Slit-D) to bind to Dscam. Interestingly, the size of the bound 
protein suggests that Slit-D can bind to Dscam1 in the absence of proteolytic 
cleavage, suggesting steric hindrance was relieved or more speculatively an 
interaction between the N- and C- terminals of Slit is disrupted. We hypothesized 
that deleting the Robo binding domain would reveal or boost the attractive 
function of Slit. However, muscle overexpression of Slit-D and Slit-DLRRs 
(Battye et al., 2001) not only did not enhance any attraction or over-growth, but 
revealed a low level of repulsion in the motor neuron innervation assay. From this 
evidence we made two important conclusions (i) Robo is necessary for Slit 
activities, repulsion and mild attraction; (ii) Slit without the Robo binding site 
appears to be a non-functional molecule (Chapter 2 and 3).  
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 These results led us to test for and to identify a new complex; using an 
immunoprecipitation assay Robo1 can co-precipitate Dscam1, but only in the 
presence of Slit. This data argues that Dscam forms a Robo dependent complex 
with Slit-N, and this was confirmed by finding that Robo1 preferentially pulls 
down Slit-FL, but in the presence of Dscam1, Slit-N is preferentially recovered 
Since Robo is necessary to form the complex, the competing repulsion function 
of Slit/Robo is occurring at the same time (Chapter 2). We believe that in vivo 
there is an equilibrium between Robo homodimers mediating repulsion and 
Dscam1-Robo complexes mediating attraction or other signals. Robo or Slit-FL 
proteins may be present to excess consistent with a strong repulsive effect of 
Slit. Over-expression of Dscam1 enhances midline crossing consistent with 
either neutralizing Robo or shifting the balance of Slit activities towards attraction. 
Removal of robo in the CNS allows an attractive function of Slit-N to be revealed, 
also consistent with this model (Chapter 3). Future work may identify tissues 
lacking Robo activity but in which Dscam and Slit display interactions. 
 Furthermore, comparing the behavior of the pCC longitudinal pioneer axon 
in Dscam robo double mutants with robo mutant and wild type leads us to the 
idea that Dscam1 is antagonizing Robo receptors. This has functional parallels 
with the activity of Robo3 in vertebrates (Chen et al., 2008; Sabatier et al., 2004). 
However, overexpression of Dscam1 without the cytoplasmic domain 
(Dscam1ΔC) (Zhu et al., 2006) resulted in profoundly disrupted longitudinal and 
commissural axons, significantly different from robo mutant and pan-neuronal 
roboΔC overexpression. Dscam therefore appears to be actively signaling rather 
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than just neutralizing Robo function. Overexpression of FraΔC is capable of 
inhibiting all midline crossing producing phenotypes stronger than the fra mutant 
alone, (Garbe et al., 2007; Yang et al., 2009). However, longitudinal axon 
guidance is unaffected. As Dscam1ΔC disrupts both longitudinal and 
commissural axon guidance, but Robo is only present in longitudinals, it is likely 
that Dscam will affect additional receptor(s) involved in midline crossing. One of 
these co-receptors is predicted to be an unidentified Netrin receptor (Andrews et 
al., 2008). 
 While carrying out the motor neuron assay we noticed significant 
longitudinal axon phenotypes. Muscle expression of slit-FL led to particularly 
strong CNS defects, both in lateral positioning, maintenance of lateral position 
and promotion of growth across segment boundaries. By comparing muscle 
expression of different slit constructs (slit-FL, slit-N, and slit-D), we conclude that 
the Robo/Slit-N/Dscam complex primarily affects longitudinal axon pathways. An 
important caveat is that increased lateral expression of slit transgenes may lead 
to greater effects.  
 In conclusion, Dscam appears to mediate an attractive receptor function 
through its interaction with Slit-N and Robo. This is in contrast to Dscam 
signaling in dendrites where it acts as a homophilic cell adhesion molecule 
mediating repulsion. Based on the location of the ligand binding sites in Dscam1, 
ligand binding may disrupt homophilic cell adhesion, likely through a greater 
affinity for Dscam1 than Dscam1 itself.  
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Future directions: 
 
Does Dscam/Slit-N/Robo moderate the response to Netrin? 
When Slit/Robo repulsion is reduced, pioneer longitudinal axons that normally do 
not cross the midline are attracted to the midline and cross (Hiramoto et. al, 
2006). Ectopic expression of Slit in the normal path of the longitudinal pioneer 
axons suppresses this phenotype. The authors interpreted this finding as a 
normal role for Slit/Robo signaling in the longitudinal pioneers axons to suppress 
the response to the Netrin as opposed to mediating repulsion. Our finding of a 
Dscam/Slit-N/Robo complex suggests that this non-directional activity of Slit 
could be mediated by Dscam modification of Robo signaling output. The 
interesting question here is, does the existence of the Dscam/Slit-N/Robo 
attractive complex suppress the response to Netrin? In our lab, in the presence 
of Slit-UC5 as a strong repellent, longitudinal axons surprisingly did cross and re-
cross the midline very similar to the robo mutant longitudinal pattern (Chapter 2).  
 Combining these observations suggests a new hypothesis that 
Dscam/Slit-N/Robo signaling is modulating the response to Netrin. 
Overexpression of Netrin and Slit-N individually in the slit-UC background would 
allow us to study Netrin anad Slit-N functions in longitudinal tract formation. Over-
expression of slit-N in the CNS midline should rescue the slit-UC defects. Lateral 
expression should also rescue, but based on data from Ordan et al., the Slit-UC 
protein may be unstable leading to reduce midline repulsion, so the rescue may 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  Slit-­‐UC	  cannot	  cleavage	  to	  form	  an	  attractive	  complex	  with	  Robo	  and	  Dscam	  
	   191	  
only be partial. Lateral or pan-neural expression of Netrin in the slit-UC 
background would be predicted to partially rescue the slit-UC phenotype if the 
function of Slit-N is to suppress the response to Netrin present on commissural 
axons. In addition overexpression of slit-UC in slit mutant background would 
reveal the significance of Slit cleavage on longitudinal axon patterning. 
 Another experiment worth doing will be generating chimeric receptors and 
testing in vivo (Bashaw and Goodman, 1999). We predict that constructing a new 
receptor with the Dscam extracellular domain, ECD, and the Robo intracellular 
domain, INT, will signal repulsion based on the Fra (ECD)-Robo (INT) chimera 
(Bashaw and Goodman, 1999). Dscam appears to need co-receptors so the 
chimera may not signal on its own (as a dimer or otherwise). As I have shown 
that Dscam can form a complex with Robo and Slit-N, Dscam (ECD)-Robo (INT) 
should generate a strong repulsive response to Slit-N by dimerizing with 
endogenous Robo. The complementary transgene of a new receptor with Robo 
(ECD) and Dscam (INT) may mimic signaling of the Dscam-Robo-Slit-N complex, 
but in reponse to full-length Slit rather than Slit-N.  
 In this thesis, we argued that Dscam1 binds Slit-N via Robo1 and forms a 
complex, so is likely to form complexes with all three Robo receptors in the fly. In 
the absence of Robo1, Robo2 will be the best candidate to perform Slit-N/Dscam 
function as the mutant phenotype of robo2 indicates an important role in 
longitudinal axon guidance. In addition, there is evidence for a Robo2 attractive 
function (Simpson et al. 2000; Spitzweck et al 2010). An important difference 
between Robo1 and Robo2 and Robo3 is the absence of some of the conserved 
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cytoplasmic motifs that mediate binding to downstream effectors such as Abl. In 
order to understanding the very complex downstream signaling, Abl, Dock, and 
Pak are the main molecules that we can study/analysis. In the case of Robo2 
and Robo3, these proteins would not be able to signal via the Ena/VASP or 
Dock/Nck signal transduction cascades, whereas Robo1 could (Simpson et al. 
2000; Bashaw et al. 2000). Chimeric receptors as described above may have 
revealing difference in their in vivo phenotypes. Dscam also binds Abl (Sterne et 
al. 2015) and both Dscams and Robos are substrates for Abl (Fan et al., 2003). 
The Abl tyrosine kinase promotes cytoskeletal growth and survival. In abl gain of 
function embryos, axons ectopically cross the midline and in abl mutants, axons 
do not cross the midline and the longitudinals are disrupted. Abl may therefore 
promote longitudinal axon growth in response to Dscam activation by Slit-N. 
Consequently, putting all these pieces of evidence together suggests that 
concentrating on the Abl molecule in Dscam-Robo-Slit-N signaling may be 
productive, although Abl itself has complex activities (O'Donnell and Bashaw, 
2013). 
 
Implication of my work for axon regeneration 
Neurons are not able to mitotically divide, but in many cases they can repair 
themselves after damage. After axonal injury, regeneration occurs in the 
peripheral nervous sytem and Schawn cells are a key source of growth-
promoting factors that stimulate axon sprouting and regrowth.. In contrast, in the 
CNS, axon regeneration is very problematic; in particular CNS myelin expresses 
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factors that inhibit regeneration (Baldwin and Giger, 2015). Invading cells of the 
immune system, particularly astrocytes, also produce scar tissue that greatly 
impedes axonal regeneration. 
 Recent research indicates that in vertebrates, the Netrin-1 receptors, 
Deleted in Colorectal Cancer (DCC) and Uncoordinated (Unc-5), affect nerve 
regeneration by promoting or inhibiting spinal cord outgrowth (Sofroniew et al. 
1990; Webber et al, 2011). Additional evidence reveals expression of Slit by 
astrocytes after injury, which strongly proposes Slit as a strong inhibitor of CNS 
regeneration in mammals (Kaneko et al., 2010). Therefore, neutralizing Slit would 
be predicted to promote regeneration. My work suggests that strategies that 
increase the chance of forming Dscam/Slit-N/Robo complexes will be effective to 
promote regeneration, whereas simply inhibiting Slit may retard axon growth. 
Adding Slit-N protein via drug delivery tools (Muresanu et al., 2015), to the axon 
crush area or by adding a specific protease to cleave Slit and convert all 
endogenous full length Slit to Slit-N, will increase the levels of Slit-N and promote 
formation of the Dscam/Slit-N/Robo attractive complex. Adding Dscam to 
neurons in the axon crush region via adenovirus may help convert the signaling 
in regenerating axon to attractive or growth. 
 
Implications of my work for human disease 
Down Syndrome patients have an extra copy of Dscam and this is thought to be 
responsible for the congenital heart defects, mental retardation and increased 
incidence of Hirschsprung's disease (Korbel et. al, 2009; Jannot et. al, 2013). My 
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work suggests a mechanism for this dose sensitivity. Overexpression of just one 
copy of Dscam should increase the level of Dscam/Slit-N/Robo complexes and 
reduced Robo repulsive signaling. The balance between attraction and repulsion 
should disrupt the normal development of CNS, cardiac and gut neural crest cells 
(Barlow et. al, 2002). For example, Slit/Robo signaling is required in the 
developing heart (Mommersteeg et. al, 2013), and Dscam is also expressed at 
the same time (Korbel et al., 2009) so there is potentially to subtly but 
significantly alter formation of structures such as the heart valves.  
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pUAST-slitD-UASF 
tgaatagggattgggaattcgttaacagatctgcggccgcggctcgagggtacccagcc     
 
agccagaccaaaatggccgcgccgtccaggacgacgttgatgccaccacccttccggctc   
             M  A  A  P  S  R  T  T  L  M  P  P  P  F  R  L  
cagctgcggctactgatactacccatcctgctactcctgcgccatgatgcggtccacgcg   
Q  L  R  L  L  I  L  P  I  L  L  L  L  R  H  D  A  V  H  A  
gaaccgtattccggcggattcggcagctcagctgtatccagcggtggactggggtcagtg   
E  P  Y  S  G  G  F  G  S  S  A  V  S  S  G  G  L  G  S  V  
ggcattcacatacccggcggcggagtgggcgtcatcacggaggcccgctgcccgagggtc   
G  I  H  I  P  G  G  G  V  G  V  I  T  E  A  R  C  P  R  V  
tgctcctgcaccggattaaatgtggattgctcgcatcgaggactcacctccgttcccagg   
C  S  C  T  G  L  N  V  D  C  S  H  R  G  L  T  S  V  P  R  
aaaatctcagcggacgtggagcgactcgagctgcagggaaacaatttgaccgtgatatac   
K  I  S  A  D  V  E  R  L  E  L  Q  G  N  N  L  T  V  I  Y  
gagacggatttccagcggctgaccaagctgcgaatgctccaactaactgacaatcagatc   
E  T  D  F  Q  R  L  T  K  L  R  M  L  Q  L  T  D  N  Q  I  
cacacgatcgagaggaactccttccaagatttggtctcactcgagcgactacgcctaaac   
H  T  I  E  R  N  S  F  Q  D  L  V  S  L  E  R  L  R  L  N  
aacaatcgactaaaggcaattcctgaaaactttgtgacaagttcagcgagtcttttgcga   
N  N  R  L  K  A  I  P  E  N  F  V  T  S  S  A  S  L  L  R  
ttggacatctccaacaatgtcatcacgaccgtgggtagacgcgtcttcaaagggagccca   
L  D  I  S  N  N  V  I  T  T  V  G  R  R  V  F  K  G  S  P  
atcgttgcggagtcttcagctggacaataaccaaatcacctgcctggatgagcacgcctt   
I  V  A  E  S  S  A  G  Q  
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pUAST-slitD-UASR  
cccgtccatcatcaacgagggctccaacgactactgaaactcacgacgcccatgttcct     
 A  R  P  S  S  T  R  A  P  T  T  T  E  T  H  D  A  H  V  P  
gggcggcctacccgtggatctgcacagcaggcgtacaagaactggcaaatacgcaacttt   
 G  R  P  T  R  G  S  A  Q  Q  A  Y  K  N  W  Q  I  R  N  F  
accagctttaagggctgcatgaaggaggtgtggatcaatcataagctggtcgactttggc   
 T  S  F  K  G  C  M  K  E  V  W  I  N  H  K  L  V  D  F  G  
aatgcccagcgccagcaaaagatcacaccaggatgtgccctgctcgaaggagagcagcaa   
 N  A  Q  R  Q  Q  K  I  T  P  G  C  A  L  L  E  G  E  Q  Q  
gaggaggaagacgacgagcaggatttcatggacgagacaccgcacatcaaagaggagccg   
 E  E  E  D  D  E  Q  D  F  M  D  E  T  P  H  I  K  E  E  P  
gtggatccttgcctggagaacaaatgccgtcggggcagtcgctgtgtgccgaattccaat   
 V  D  P  C  L  E  N  K  C  R  R  G  S  R  C  V  P  N  S  N  
gccagggacggctaccagtgcaagtgcaagcacggccagcgcggccgctactgcgatcaa   
 A  R  D  G  Y  Q  C  K  C  K  H  G  Q  R  G  R  Y  C  D  Q  
ggtgagggcagcactgagcccccaacagtcaccgcggcgtccacctgtcgcaaggagcag   
 G  E  G  S  T  E  P  P  T  V  T  A  A  S  T  C  R  K  E  Q  
gtgcgcgagtactacacggagaacgactgtcgctcgaggcagccgttgaagtacgccaag   
 V  R  E  Y  Y  T  E  N  D  C  R  S  R  Q  P  L  K  Y  A  K  
tgcgtgggcggctgcggcaaccagtgctgcgcggccaaaattgtgagacggcgcaaggtg   
 C  V  G  G  C  G  N  Q  C  C  A  A  K  I  V  R  R  R  K  V  
cgcatggtgtgcagcaacaaccgcaagtacatcaagaacttggacatcgtgcgcaagtgc   
 R  M  V  C  S  N  N  R  K  Y  I  K  N  L  D  I  V  R  K  C  
ggatgcaccaagaaatgctactgactgaaagatgcgactacccaattgctcgaacggagc   
 G  C  T  K  K  C  Y  - 
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pUAST-slitD-LRR2R   
aaatgctcgggtctgacggagcacgcaccgatggaatgcggggcggagaacgactgtccg   
K  C  S  G  L  T  E  H  A  P  M  E  C  G  A  E  N  D  C  P  
gccatgtgccactgcgagggcaccaccgtggattgcacgggccggggccaggagattccg   
A  M  C  H  C  E  G  T  T  V  D  C  T  G  R  G  Q  E  I  P  
ttttgctcttcatggcgtcgaatgtgccattcgccagcgactggatgttgttgtcgtaca   
F  C  S  S  W  R  R  M  C  H  S  P  A  T  G  C  C  C  R  T  
gggagaggctcaaactgtgcaggtcgcgaaaggcatccttgcgtatgcacgagatctcgt   
G  R  G  S  N  C  A  G  R  E  R  H  P  C  V  C  T  R  S  R  
tggcgttcagcagcagcagctgcagcgagccgagtccttacacgcccgagggtaaatcct   
W  R  S  A  A  A  A  A  A  S  R  V  L  T  R  P  R  V  N  P  
ttattttattgccgtacagcacgagagtggttaactgctttaggccgcttagtgcatcgt   
L  F  Y  C  R  T  A  R  E  W  L  T  A  L  G  R  L  V  H  R  
gggcaatccgggatatgttgttgttggacaggtcgatgcgtcgcagtcgtcgaaagctgg   





atgctcgggtctgacggagcacgcaccgatgtccggcgagtgccgcatggactccgactgt    
  C  S  G  L  T  E  H  A  P  M  S  G  E  C  R  M  D  S  D  C  
ccggccatgtgccactgcgagggcaccaccgtggatt   
  P  A  M  C  H  C  E  G  T  T  V  D    
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pSectag-EGF(1-3)-T7  
gaacaaaaacttatttctgaagaagatctgggcggcggcccgtgccagaatcaagcgcag 
                                        P  C  Q  N  Q  A  Q  
tgcgtggcccttccgcagcgagagtaccagtgcctctgccagccgggctatcatggcaaa 
 C  V  A  L  P  Q  R  E  Y  Q  C  L  C  Q  P  G  Y  H  G  K  
cactgtgagtttatgatcgatgcttgctacggaaatccgtgccgcaacaatgccacttgc 
 H  C  E  F  M  I  D  A  C  Y  G  N  P  C  R  N  N  A  T  C  
acggtgctggaggagggtcgtttcagctgtcagtgcgctccgggatacacaggtgcccgc 
 T  V  L  E  E  G  R  F  S  C  Q  C  A  P  G  Y  T  G  A  R  
tgcgagacgaatatcgacgattgcctgggcgagatcaagtgccagaacaatgccacctgc 
 C  E  T  N  I  D  D  C  L  G  E  I  K  C  Q  N  N  A  T  C  
atcgacggagtggagtcgtacaaatgtgagtgccagccgggattcagtggcgagttctgc 
 I  D  G  V  E  S  Y  K  C  E  C  Q  P  G  F  S  G  E  F  C  
gacaccaaatgaaagggcgagcttggtaccgagctcggatccgaaggtaagcctatccct 
 D  T  K  -  
aaccctctcctcggtctcgattctacgcgtaccggtcatcatcaccatcaccattgagtt  
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psectag-EGF(1-3)-BGHr 
gacgcggcccagccggccaggcgcgcgcgccgtacgaagctcgcccttgaacaaaaactt 
                                                 E  Q  K  L  
atttctgaagaagatctgggcggcggcccgtgccagaatcaagcgcagtgcgtggccctt 
 I  S  E  E  D  L  G  G  G  P  C  Q  N  Q  A  Q  C  V  A  L  
ccgcagcgagagtaccagtgcctctgccagccgggctatcatggcaaacactgtgagttt 
 P  Q  R  E  Y  Q  C  L  C  Q  P  G  Y  H  G  K  H  C  E  F  
atgatcgatgcttgctacggaaatccgtgccgcaacaatgccacttgcacggtgctggag 
 M  I  D  A  C  Y  G  N  P  C  R  N  N  A  T  C  T  V  L  E  
gagggtcgtttcagctgtcagtgcgctccgggatacacaggtgcccgctgcgagacgaat 
 E  G  R  F  S  C  Q  C  A  P  G  Y  T  G  A  R  C  E  T  N  
atcgacgattgcctgggcgagatcaagtgccagaacaatgccacctgcatcgacggagtg 
 I  D  D  C  L  G  E  I  K  C  Q  N  N  A  T  C  I  D  G  V  
gagtcgtacaaatgtgagtgccagccgggattcagtggcgagttctgcgacaccaaatga 
 E  S  Y  K  C  E  C  Q  P  G  F  S  G  E  F  C  D  T  K  -  
Aagggcgagcttggtaccgagctcggatccgaa  
 
